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The increasing concerns related to the environment and ecology of recent years 
have brought about escalating interests in utilizing heat sorption systems for 
cooling applications. This is due to its capability of directly utilizing low grade 
thermal energy, including heat from solar hot water, industrial waste heat and 
geothermal sources.  The aim of the current is to investigate, both theoretically 
and experimentally the utilization of alternative adsorbent + adsorbate pairs 
specifically those in the moderate pressure ranges in a single-stage pressurized 
bed adsorption chiller arrangement. A chiller operating at these pressure ranges 
eliminates the need of high-maintenance vacuum considerations that exist in 
current adsorbent + water systems. Furthermore, the differential uptake as the 
pressure increases in general also becomes higher.  
Experimental data containing isotherm information for refrigerants in these 
moderate pressure regions are first collated and fitted to an improved model that 
takes into account the adsorbed phase volume correction. Necessary data with 
regard to the adsorption characteristics of activated carbon + propane pairs, which 
are currently lacking are then experimentally collected and analyzed namely, its 
equilibria uptake characteristics. 
A theoretical framework for the study of the pressurized bed adsorption chiller is 
also developed. Thermodynamic relations are derived from the rigor of adsorption 






of freedom of a translational adsorbed particle motion. The proposed expressions 
are relatively convenient to be utilized for the analysis of adsorption systems for 
all pressure ranges. The model also incorporates the adsorbed phase volume 
corrections and the non-idealities of the gaseous phase 
Together with the parameters from the experimental data, the adsorption pairs, 
specifically that of highly porous activated carbon powder of type Maxsorb III 
with propane, n-butane, HFC-134a, R507a and R-32 are then analyzed to compare 
their cooling capacities under various conditions namely the (i) regeneration, (ii) 
ambient and (iii) required cooling temperatures. It was found that the activated 
carbon + propane pair is the most feasible option when the ambient temperature is 
high and the required cooling is low. Furthermore, hydrocarbons are naturally 
available working fluids with a low ozone depleting potential (ODP) and global 
warming potential (GWP).  It also has a high latent heat of vaporization making it 
an excellent refrigerant, gaining acceptance in conventional mechanical 
compression chillers.  It is also capable of cooling below 0°C in comparison to 
water systems. 
Critical data with regard to the time-dependent kinetics characteristics between 
activated carbon and propane have therefore been collected and analyzed. These 
data has been regressed to an improved model derived from statistical mechanics. 
Further non-isothermal considerations were also studied and the parameters which 
may be utilized for numerical analysis are obtained. The adsorption chiller is  
finally modeled  taking into account the heat and mass transfer as well as pressure 






with a fabricated batch operated single-stage adsorption chiller. This model which 
fits the experimental data very well could be used to describe any working 
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at ○-To=28.60°C, P∞=700 kPa, --- straight lines to obtain the 
gradient which gives the value of r and intersection at y axis giving 
the value of  -ln(-βα2/(1-βα2)) 
Figure 6.14 (a) Uptake kinetics of the highly porous activated carbon powder 
of type Maxsorb III+propane: experimental data at ○-To=9.15°C, 
P∞=192kPa, experimental data at ∆-To=10.77°C, P∞=300 kPa, □-
To=10.96°C, P∞=497 kPa --- fitted curves from the non-isothermal 
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𝑐. 𝑣 control volume 
𝑑𝑒 desorption 
𝑔 gaseous phase 
𝑖 entering control volume 
𝑙 liquid 
𝑙𝑒𝑎𝑘 leak to surroundings 
𝐿 for cooling (load) 
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𝑠 solid phase 
𝑠𝑎𝑡 saturation conditions 
𝑆𝑇 isosteric 




𝑎𝑑𝑠 adsorbent + adsorbate system 
𝑎𝑐 activated carbon 
𝑏 reactor bed  
𝑐 condenser 
𝑐𝑤 cooling water 
𝑑 desorber 
𝑒 evaporator  













7.6.3 Greek Symbols 
α Lagrange multiplier  
β Lagrange multiplier 
Δ change 
ε energy of individual molecules 
𝛾 constant used in equation 7.8 
𝜆 particle distribution 
Ω number of Quantum States 
ρ density 
𝜎 adsorbed phase 







CHAPTER 1: INTRODUCTION 
 
1.1 Background 
1.1.1 Heat Sorption Systems and Global Concerns on the Environment  
The increasing concerns related to the environment and ecology of recent 
years has brought about escalating interests in using heat sorption systems for 
cooling applications. This is due to its capability of directly utilizing thermal 
energy sources, including low-grade waste heat from various sources, 
including solar hot water, industrial waste heat as well as geothermal sources.  
These systems may be categorized as: (i) absorption (liquid-gas) or (ii) 
adsorption (solid-gas) which has both been identified as promising alternatives 
to the conventional vapor compression cycle1, 2 . The absorption (AB) 
refrigeration system is an established technology in the market that even 
though requires higher temperature heat sources to operate as compared to the 
adsorption chiller (AD), in general exhibits higher efficiencies at these 
temperatures3. Thus, the AD chiller is advantageous when lower temperature 
heat sources, as low as 55°C are available4. Furthermore, the AB chiller in 
general has a shorter lifetime as compared to AD chillers as a result of solvent 
issues associated with salt corrosion. These solvents require replacement every 
4 to 5 years5. AD chillers, on the other hand do not require replacement of 
both the solid adsorbent as well as its refrigerant for extended periods of time 






Much work has been carried out to find novel solutions to integrate the AD 
Chiller technology into the market. The current state of the art of cooling 
applications that utilizes adsorbent-adsorbate pairs as a thermal compressor in 
the market are mostly water based with silica gel or zeolite as the adsorbent, 
most of which has successfully been implemented in Japan and parts of 
Europe6. It has the potential applications in a wide variety of cooling 
processes, including space cooling, food preservation, chemical processes, 
breweries as well as agriculture.  In Greece, for example, the implementation 
of adsorption chillers coupled with solar collectors has been proposed as a 
technical feat due to its simplicity.  
The adsorption cooling cycle requires relatively minimal maintenance as the 
quiet operation of its thermal compressor; unlike the vapor compression 
system does not consist of any major moving parts. It is also long lasting as its 
sorptive medium, unlike the solvents of the AB cycle are environmentally 
benign7-9.  The AD chiller at present, thus promises an alternative cooling 
cycle with minimal utilization of primary resources while utilizing a natural 
refrigerant, such as water, which is not only readily available, but an answer to 
the ecological problem related to the release of greenhouse gases  from 
refrigeration units.   
1.1.2 Limitations of Adsorption AD Chillers  
While some authors have argued that its efficiency, determined as its 
Coefficient of Performance (COP) are incomparable set agaiis much lower 
than that of conventional vapor compression chillers, it is crucial to realize 





otherwise be “thrown away” to the ambient if not recovered.  The 
conventional vapor compression chiller system on the other hand, either 
utilizes high-grade electrical power from the grid or direct consumption of 
precious fossil fuels. These systems further incur unaccounted losses during 
the energy transfers in electrical power which begins from the power plant 
itself10.  
The main drawback of water based silica gel and zeolite systems lies in its 
requirement of advanced technologies and intricate design considerations so 
that high vacuum could be maintained11, as leakages will drastically reduce its 
performance 12. Furthermore, due to the triple point of water, cooling systems 
which utilizes water as a refrigerant are inoperable as the evaporator 
approaches 0°C. This makes it restrictive in terms of application. Similarly, 
adsorption heat pumps that operate at ultra-high pressures (>20bars) such as 
Carbon Dioxide (CO2) refrigerant systems pose problems related to high 
pressures such as leakage and additional safety measures in case of burst 
incidents. Figure 1.1 summarizes the working pressure ranges of existing 
refrigerants and alternative assorted adsorbates. 
This thesis aims to study propane as an alternative adsorbate which operates at 
moderate pressures above ambient specifically in its application as a working 
fluid in the adsorption chiller. The adsorption cycle utilizes low grade waste 







Figure 1.1 Saturation pressures of various adsorbates from literature13-
20 for typical working temperatures between the evaporator and 
condenser.  
1.1.3 Propane Refrigerant as an Adsorbate  
The Adsorption Chiller (AD) is a green technology which offers an eco-
friendly solution to the global demand for cooling and thus should ideally be 
operated with a refrigerant which has a low Ozone Depletion Potential (ODP) 
and a Global Warming Potential (GWP) which are within stipulated 
guidelines. The ODP is a measure normalized to Trichlorofluoro-methane 
refrigerant (R-11), and represents the ability of chemicals to destroy ozone 
molecules in the stratosphere. R-11 is taken to be a reference to an assigned a 
value of 1.000.  The GWP on the other hand indicates the potential of a 
chemical to heat up earth as a greenhouse gas. This is normalized to carbon 
































100-year GWP100 of -201  and ODP which is substantially zero21 is an 
attractive option.    
Historically, propane (refrigerant R-290 with molecular formula C3H8) has 
been used successfully as a working medium in enormous vapor-compression 
refrigeration plants for many years, especially in the liquefaction of natural 
gas. It has also been used in smaller cooling systems with typical design 
without any issues with excellent performance as long as forty-five years 
ago22. The reason for these is its remarkable thermodynamic properties, with 
the highest heat transfer coefficient of 280 W m-2 K-1, (note: R134a, 183 W m-2 
K-1) amongst assorted refrigerants under typical operating conditions23. 
Compared to halocarbons, its molar mass of 44 is more than half with 
comparable physiological properties and enhanced transport properties as a 
refrigerant. It also does not emit harmful decomposition entities in the case of 
fire except carbon monoxide when incomplete combustion occurs. 
Furthermore, propane is available naturally making it a low cost alternative. 
James and Missenden studied a vapor compression refrigerator with propane 
as a substitute for R12 and found that it is capable of similar performance with 
a lower charge23. Bodrin et al investigated two conventional vapor 
compression systems, one utilizing R12 as a refrigerant and the other using 
propane and found that the cooling capacity is increased with similar COP 
achieved using propane. They also concluded that the use of hydrocarbons in 
general reduced refrigerant cost by 2% as compared to HFC-134a since it is 
readily available. There has however not been any reported works found in the 
literature that utilizes propane as a refrigerant in the adsorption chiller. 
                                                          





In considering the working medium to be used in an adsorption chiller, its 
latent heat of vaporization, critical properties as well as its normal boiling 
point (NBP) are of great significance. The NBP and critical properties denote 
the operational ranges for which a particular adsorbate may operate. Propane, 
which has a low NBP of -42.114 °C24 may be utilized in extremely low 
temperature cooling25. Those with higher NBPs on the other hand are 
restricted to higher temperature cooling requirements, such as space cooling 
and industrial chillers.  
For cooling purposes, it is also necessary that the adsorbate choice is of high 
latent heat. A high latent heat for pairs of similar uptake properties will not 
only result in a higher COP but also means that the sizes of the evaporator and 
condenser may be reduced. For illustrative purpose, as shown in Figure 1.2, an 
ideal adsorption cooling cycle operates with three temperatures reservoirs in 
the case where the intermediate levels are similar. It essentially consists of two 
distinct cycles. The first cycle (right) is the adsorption process. Here, the 
working fluid evaporates in the evaporator by removing heat (QL) from the 
low temperature reservoir. Heat (QA) is then released to an intermediate 
temperature reservoir 1. The second cycle is the desorption case represented 
by a heat engine which takes in heat (QZ) from a high temperature reservoir. 
This could be a low grade solar heater or waste heat released from the exhaust 
of an engine. Heat (QC) is released to intermediate temperature reservoir 2. 







Figure 1.2 Heat transfer configuration for an ideal adsorption chiller 
operation. 
A refrigerant with a higher latent heat of vaporization will increase the QL per 
unit mass of refrigerant from the evaporator which will directly translate into 
the increase of COP since COPREF is given by  
 
𝐶𝑂𝑃𝑅𝐸𝐹  = 𝑄𝐿𝑄𝑍 (1.1)  
Figure 1.3 depicts the differences between the latent heat of vaporization of 
alternative adsorbates highlighting differences between HFC-134a and 













Figure 1.3 Latent heat of vaporization of assorted adsorbates working 
in the pressurized saturation region for common working temperatures 






































1.1.4 Review of Previous Studies on Adsorption Pairs 
In the literature, there have been extensive studies of the adsorption cycle 
under vacuum, such as those that utilizes methanol, ethanol and water. 
Amongst the first studies which utilizes water is that of Sakoda and Suzuki 26, 
where the heat source comes from solar energy. This system achieved a COP 
of 0.2. Further experimental and analytical works were carried out by Saha et 
al 27  and Boelman et al 26. Studies with methanol as adsorbate began as early 
as the 1980s 28.  Recently, an extensive study in the thesis of El-Sharkawy 29 
also delves in detail, both theoretically and experimentally the use of the 
Ethanol-Activated Carbon pair. The investigation of alternative adsorption 
pairs to be used in the AD cycle as summarized in Table 1.1 are thus limited 
especially possible pairs which operate in moderate pressure regions. Another 
advantage of studying moderate pressure systems is that it operates beyond 
Henry’s region and thus the higher differences between the uptake at the 
condenser and the evaporator pressures may result in greater cooling 
capacities and hence higher performances.  
There have been work which utilizes Ammonia that has been successfully 
integrated 30 but problems related to its toxicity has limited its application in 
the industry 31.  Loh (2010) 32 and several authors previously explored the 
utilization of halogenated refrigerants such as Activated Carbon pair-HFC 
134a which presented promising results especially for rapid cooling. CFCs 
followed by the HCFCs were however already banned by international 
agreement. HFCs is another halocarbon family which is just as foreign to 
nature 33 and is one of the six chemicals that the Kyoto protocol seeks to 





possibly be broken by sunlight in the troposphere to form poisonous 
substances and acid 35. It is thus advantageous to use natural compounds 
instead, which are circulating in the biosphere in large quantities and are 
known to be harmless.  
Thus, there is a gap in works related to hydrocarbons being utilized as an 
adsorbate in the adsorption cycle.  This thesis aims to fill this gap to some 
extent.  In this respect, this thesis serves as a continuation of these works on 
the study of adsorption chillers particularly utilizing an Activated Carbon-

























Zeolite –Water 7, 36-54 373.95 99.974 0.28-1.4 Vacuum 
Silica Gel-Water26, 36-45 373.95 99.974 0.25-0.65 Vacuum 
Carbon-Water46 373.95 99.974 0.95 Vacuum 
Carbon -Methanol47-53 239.45 64.482 0.12-1.06 Vacuum 
Silica Gel-Methanol54 239.45 64.482 0.3 Vacuum 
Zeolite-Methanol46 239.45 64.482 1.34 Vacuum 
Carbon-Ethanol55 240.75 78.24 - Vacuum 
Carbon-Ammonia9, 56, 57 101.06 -33.33 0.3-1.20 Moderate, above ambient 
AC-HFC Refrigerant32, 










1.2 Objectives and Scope 
The main objective of the current work is to analyze both theoretically and 
experimentally the feasibility of a single-stage pressurized bed adsorption 
chiller that utilizes activated carbon as adsorbent and propane as adsorbate, 
powered by low grade heat sources such as solar, geothermal energy or 
industrial waste heat. The scope of the present work is 
(1) To study the thermodynamics of adsorption between adsorbent 
and adsorbate in AD chiller applications. 
A suitable thermodynamic framework is chosen to be utilized in the 
study of this working pair. At present, the models relating the isotherm 
to the kinetics are based on semi-empirical relations. This thesis serves 
to review the use of statistical theory which has been shown to provide 
adequately, a theoretical basis for the Langmuir, Dubinin-
Radushkevitch (DR), Dubinin Astakhov (DA) and the Toth model. 
These will be derived from first principles and presented in this thesis. 
It also provides simpler relations for (i) Isosteric Heat of Adsorption, 
(ii) Adsorbed Phase Enthalpy, (iii) Adsorbed Phase Entropy (iv) 
Adsorbed Phase Specific Heat Capacity terms which contributes 
significantly to the modeling of an adsorption chiller.  
 
(2) To measure the adsorption equilibria characteristics of a suitable 
adsorbent with propane for cooling applications. 
In this study, a suitable adsorbent is selected as an adsorbent base on 
its uptake characteristics through measurements with N2 and 





been selected for its high specific surface area and micro-pore volume. 
Uptake values are then experimentally measured by a volumetric 
technique.  The results are analyzed via repeated iterations with several 
equilibria equations previously utilized in the literature for physio-
sorption and are compared with data of other researchers who worked 
with comparable adsorbent + adsorbate pairs. The heat of adsorption, 
which is related to both the pressure and temperature, is also 
determined from the measured data. Further, a gravimetric method 
involving the use of a magnetic suspension balance will be carried out 
to verify the results.  
 
(3) To measure the adsorption rate of Activated Carbon Powder with 
propane as adsorbent-adsorbate pair in the adsorption chiller. 
The adsorption kinetics of the suitable activated-carbon powder with 
propane is measured using a thermal gravimetric method which allows 
for highly accurate mass measurements as a function of time. These 
measurements are critical in determining the optimal performance of 
the cycle in terms of operation and switching times.   
 
(4) To carry out a theoretical analysis of thermodynamic quantities 
for a pressurized bed adsorption chiller cycle. 
The thermodynamic framework related to the cyclic operation of a 
pressurized adsorption is developed based on the rigor of statistical rate 





thermodynamic relations are crucial in the thermodynamic analysis of 
the pressurized bed adsorption chiller system. 
 
(5) To incorporate the Activated Carbon + propane adsorbent-
adsorbate pair into a bench scale thermal adsorption chiller and 
investigate its feasibility. 
A prototype for moderate pressure adsorption chiller is utilized to 
investigate experimentally the performances of the system. This 
provides a practical validation of the feasibility of the propane-
activated carbon powder pair. 
 
(6) To model the adsorption chiller which operates with propane and 
then simulate the performance of the adsorption chiller 
The thermodynamic modeling of the pressurized bed adsorption chiller 
combines the transient behavior for adsorption and then desorption 
process as well as the heat transfer and adsorption phenomena. With 
data from the adsorption equilibria as well as the kinetics, the 
adsorption chiller can now be modeled using suitable equations 
involving heat and mass transfer equations. These will allow further 
parametric analysis that could not be determined with the bench-scaled 
adsorption chiller. This is then compared with the data from the bench-







1.3 Thesis Outline 
This thesis consists of eight chapters which describe the experimental work as 
well as simulation that has been carried out in order to achieve the research 
objectives. The contents of the chapters have been summarized as follows. 
In this opening first chapter, research objectives and scope has been 
enumerated. This is based on the motivation mentioned in the introductory 
lines of this chapter as to the need of such a study.  Works concerning 
adsorbent-adsorbate pairs that had been carried out has also been reviewed.  
Chapter two gives a scientific background related to the fundamentals of 
adsorption from a statistical rate viewpoint. The related derivation, from the 
first principles of steady state properties of the adsorption and desorption 
process are reviewed. The statistical rate theory forms the thermodynamic 
framework of this thesis, as it will be shown in this chapter as it is able to 
describe adequately semi-empirical equations that has been previously been 
used to fit isotherm curves. The adsorbents which have previously been 
considered for the adsorption chiller system are then reviewed. Several 
adsorbents in the study of propane adsorption have previously been utilized in 
the area of hydrocarbon separation and are limited to the temperatures related 
to these applications. 
The third chapter describes the experimental methods, apparatus and 
procedures in determining the adsorption equilibria of the highly porous 
activated carbon powder of type Maxsorb III + propane pair. The surface 
characteristics of highly porous activated carbon powder of type Maxsorb III 





ACP is then measured using a pycnometer. The excess adsorption isotherms 
are then determined using a volumetric method for temperatures up till 75°C 
and pressures of up to 8 bars which is within the operational range of the 
adsorption cycle. These curves are then fitted with equations that were derived 
from chapter two, namely the Toth as well as Dubinin Astakhov (DA) 
equations. Improvements to the D-A model fit is made through adsorbed phase 
volume corrections. The isosteric heats of adsorption are then determined and 
analyzed in terms of the adsorption refrigeration cycle application. 
Chapter four focuses on a theoretical analysis of the thermodynamic quantities 
that describe the pressurized adsorption system, as opposed to those that were 
derived for a vacuum system. The adsorption isotherms obtained and 
presented in Chapter three are used to develop these quantities for various 
uptakes, temperatures and pressure conditions which are essential to the 
design, development and analysis of a pressurized adsorption system. These 
quantities may be used for an arbitrary heterogeneous adsorbent + adsorbate 
pair that can be described utilizing the DA model. 
In Chapter five, the equilibrium cycle of the ACP + propane Pair is analyzed. 
The Temperature-Enthalpy (T-h), Temperature-Entropy (T-s) diagrams are 
plotted based on the quantities derived from the preceding chapters and the 
cooling cycle described. The Specific Cooling Effect (SCE) and the 
Coefficient of Performance (COP) of the propane cycle are evaluated and 
compared with another hydrocarbon cycle, the n-butane cycle, for the ARI 
standard. Further, pressurized adsorption cycles utilizing refrigerants R-32, 





evaporator temperatures. Here, uptake efficiency which is dependent on 
refrigerant properties for a given adsorbent is considered.  
Chapter six describes the experimental methodology used in obtaining the 
kinetics curves using a thermal gravimetric approach. Adsorbent and container 
mass were carefully determined under controlled pressure and temperature 
conditions during the adsorption process. This is because the thermal 
compressor operates in the pressurized region and significant buoyancy effects 
have to be accounted for when differential pressure occurs.  Experiments have 
been conducted for adsorption temperatures between 30°C to 70°C and 
pressures up to 8 bars. The curves were regressed with expressions derived 
from the statistical rate theory. The steady-state uptakes of these curves were 
compared and analyzed with those obtained using the constant volume 
approach. A novel multi-gradient linear driving force model is also introduced 
to simplify the kinetics equation for computational ease. 
Chapter seven presents a study of the actual adsorbent + propane cycle where 
activated carbon powders were packed into a thermal compressor of a bench 
scale adsorption chiller. It was found that the miniaturized chiller is able to 
cool the evaporator at sub-zero temperatures. Being a small system, the small 
chiller has the limitations of high heat leakages to the environment and is thus 
modeled with the equations presented in Chapter three using a lumped 
capacitance approach. Further, this model allows for an analysis of the chiller 
performance over a wide range of conditions, including various cycle times, 
regeneration temperatures and cool water temperatures. The model in this 





known to enhance the operation of the AD cycle. This term is derived utilizing 
the valve coefficient. 
The overall conclusions of the work are presented in the closing, eighth 
chapter which highlights the practicality of using this pair for adsorptive 




CHAPTER 2: PHYSICAL ADSORPTION 
2.1 Background  
2.1.1 The Adsorption Phenomena from a Statistical Rate Approach 
Physical adsorption or physisosorption occurs when liquid or gas molecules 
called the adsorbate is attracted to a solid surface, which is the adsorbent due 
to van der Waals forces. These molecules mostly enter into the micro-pores of 
diameters less than 2 nanometers and to some extent, the meso-pores which 
are of diameters between 2 to 50 nanometers 58. As compared to 
chemisorption where a chemical bond is formed 59, this is a physical process, 
and is thus reversible by pressurization, heating and other means 60. In a 
thermal compressor, physiosorption thus allows the adsorbed molecules of the 
working medium from the evaporator to be desorbed reversibly into the 
condenser by alternating cooling and heating. During physical adsorption, 
there is evolution of heat since the adsorbate molecules transit from an 
energetically higher gaseous phase to the adsorbed phase and is thus an 
exothermic process 61. 
The desorption and adsorption process of a single molecule, is described in 
terms of particle configuration (center diagram of Figure 2.1 (a) ), called 𝛌𝐱, 
where 
𝛌𝐱 = � 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑖𝑛 𝑔𝑎𝑠 𝑝ℎ𝑎𝑠𝑒,                                              𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑖𝑛 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑 𝑝ℎ𝑎𝑠𝑒� 
It is possible for the adsorbent + adsorbate system to undergo an adsorption of 




𝐃𝐞𝐬𝐨𝐫𝐛𝐞𝐝 𝐂𝐨𝐧𝐟𝐢𝐠𝐮𝐫𝐚𝐭𝐢𝐨𝐧 𝐈𝐧𝐢𝐭𝐢𝐚𝐥 𝐂𝐨𝐧𝐟𝐢𝐠𝐮𝐫𝐚𝐭𝐢𝐨𝐧 Adsorbed Configuration 
𝛌𝐢 = (6,3) 𝛌𝐣 = (5,4) 𝛌𝐤 = (4,5) 
Figure 2.1(a) The definition of a system configuration in an adsorption or 
desorption event      









𝛀(λi) 𝛀�λj� 𝛀(λk) Number  of Quantum  
States 




Van der Waals Force field 
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Figure 2.1 (b) shows the accompanying transition energy levels for a change 
in system configuration where Ke is defined as the rate of the system to transit 
from a microstate to another, and such event occurs in a particle configuration 
of different energy levels, for example, from αv4 to αu5. The probability of 
finding a quantum (energy) state within λj particle distribution is thus given 
by 1
𝛀�λj�
. The rate of transiting from any quantum state in an initial 
configuration λj (for example αv4) to a specific quantum state in the adsorbed 
configuration 𝛌𝒌 (αw8) is the product, which is 62, 
The rate of transiting from one quantum state in λj to another in λk of the 
adsorbed phase at assorted energy levels is given by 63 
The statistical definition of entropy involving the microstates 𝛀�λj� is given 
by 64 
where k is the boltzmann constant in J/mol/K. 
Substituting (3.4) into (3.2), the rate of transitioning from any microstate 
configuration in 𝛌𝐣 to 𝛌𝐤 is given by 
 
𝑃(𝜆𝑗,𝛼𝑤 )  = 𝐾𝑒 � 1𝛀�λj�� (2.1)  
 
𝑃(𝜆𝑗,𝜆𝑘 )  = 𝑲e � 1𝛀�λj�� 𝛺(𝜆𝑘 )�����𝑛𝑜 𝑜𝑓 𝑒𝑛𝑒𝑟𝑔𝑦 𝑚𝑖𝑐𝑟𝑜𝑠𝑡𝑎𝑡𝑒𝑠 (2.2)  
 𝐒�λj�  = 𝑘ln�𝛀�λj�� (2.3)  
Rearranging  𝛀�λj� = 𝒆𝒙𝒑𝑆(λj )𝑘  (2.4)  
 
𝐏�λj, λk�  = 𝑲e𝒆𝒙𝒑𝐒(λk)−𝐒�λj�𝑘 = ?̅? (2.5)  
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Assuming the same probability for single adsorption �λj to λk� and 
desorption �λj to λi�, the net rate of adsorption is thus 65 
 
2.1.2 Entropy Change of an Isothermal System during Adsorption/Desorption 
Assuming an isothermal adsorption process�𝛌𝐣 to 𝛌𝐤�, a large temperature 
reservoir may be attached to neutralize the exothermic effect of adsorption as 
follows; 
 
Figure 2.2 Isothermal system model considered where a reservoir ensures that 
heat evolved is dissipated. 
By definition, the change in entropy of the sorption process is given by  
 
  
 𝐽 = ?̅?�λj, λk� − ?̅?�λj, λi�
= 𝑲e �𝒆𝒙𝒑𝐒(λk)−𝐒�λj�𝑘 − 𝒆𝒙𝒑𝐒(λi)−𝐒�λj�𝑘 � (2.6)  
 𝐒(λk) − 𝐒�λj� = ΔSS + ΔSg + ΔSσ + ΔSR (2.7)  
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Invoking the Gibbs equation for a change in entropy in the isothermal and 
isobaric process,   
For a constant volume process, dV=0, 
Hence, the respective equations for the entropy change in gaseous, solid and 
the adsorbed phases reduce to  
Applying the First Law to the reservoir, and assuming a constant volume, 
𝛥𝑊 = 0, the change in internal energy of the system is  
For a system at thermal equilibrium,  
Substituting (2.15) into (2.13) 
 ΔU = TΔS − pΔV + µΔN (2.8)  
rearranging 
ΔS = pΔVT − µΔNT − ΔUT  (2.9)  
 
ΔS = −µΔNT − ΔUT  (2.10)  
 
ΔSg = −µgΔNgT − ΔUgT  (2.11)  
 
ΔSσ = −µσΔNσT − ΔUσT  (2.12)  
 ΔUR = ΔQ − ΔW = ΔQ = TΔSR (2.13)  
 ΔUtotal = ΔUR + ΔUs + ΔUg + ΔUσ = 0 (2.14)  




Further manipulations of these equations, namely (2.11), (2.12), (2.13) and 
(2.15) into the right-hand side of the total entropy equation (2.7), 
Hence, the net rate of an adsorption process can be derived by substituting 
(2.17) into (2.6), 65 
 
2.1.3 Chemical Potential of Adsorbed Phase 
Expressing the chemical potential as the gradient of Helmholtz Free Energy, 
𝐴𝜎  , per absorbed molecule at constant sorption sites, temperature and volume, 
Given the number of adsorption sites, S�o , Helmholtz free energyAσ, of the 
adsorbate molecules is expressed as 
 
∆SR = −∆UsT − ∆UgT − ∆UσT  (2.16)  
 
𝐒(λk) − 𝐒�λj� = µg�λj� − µσ�λj�T  (2.17)  
 
𝐽 = ?̅?�λj, λk� − ?̅?�λj, λi� = 𝑲e �𝒆µg−µσ𝑘𝑇 − 𝒆µσ−µg𝑘𝑇 � (2.18)  
 
µσ = �∂Aσ
∂Nσ�S�o,T,v (2.19)  
 Aσ = Uσ − TSσ (2.20)  
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where U is the internal energy. Dividing throughout by the square of 
Temperature, T2, and utilizing the Maxwell relation for entropy to Helmhotz 
free energy, we arrive at the following  
2.1.4 Average energy of a molecule and the molecular partition function 
The aim of this section is to invoke the statistical rate theory so that a value for 
the Helmholtz Energy may be obtained. This is then used to derive the 
chemical potential of the refrigerant in the adsorbed phase, 𝜇𝜎. 
 
Figure 2.3 System with independent, non-interacting molecules where the 
dotted lines represent the adsorbed phase volume of the solid adsorbent. 
In order to simplify the adsorbed phase problem, a system with independent, 
non-interacting molecules where 𝑛i is the number of molecules with energy 𝜀𝑖 
is considered. Then the system’s total energy is expressed as a summation 





















For a given independent adsorbed molecules, 𝑁𝑎 =  ∑𝑛𝑖  , the constant system 
total energy is  E. Referring to the figure below and assuming Na = 3 (denoted 
by the blue circle, red triangle, green square), the total energy level is E= 
3 x ∆ε. However, the number of system configuration combinations for these 
molecules may be illustrated graphically as shown below: 
 
Figure 2.4 System configuration combinations and the most probable state 
Three cases may be considered  
CASE 1: 3 molecules at a single  ∆ε energy level, and this has 1 way or 
combination. 3!
0!3!0!0! = 1    1/10 0r 10% of time 
CASE 2: 1 molecule at energy 3∆ε, and 2 molecules at 0 energy level, and 
this has 3 ways. 3!
2!0!0!1! = 3  3/10 or 30% of time 
CASE 3: 1 molecule at energy ∆ε, 1 molecule at energy 2 ∆ε, and 1 molecule 
at energy 0, this  has 6 ways. 3!
1!1!1!0! = 6  6/10 or 60% of time, i.e. the most 
probable.   
Hence, for any configuration of the adsorbed phase at assorted energy levels, it 
has W number of ways given by 
 𝑬 = �𝑛𝑖𝜀𝑖
i
 (2.22)  
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To find the most probable configuration, dW is equated to 0 (maxima of W), 
or for mathematical simplification, dln(W) = 0, Using Stirling’s 
Approximation where (lnX!) ≈ XlnX - X, equation (2.23) may be written as 
Since 𝑁 = ∑ 𝑛𝑖𝑖 , the expression reduces to 
𝑑[𝑁𝑙𝑛𝑁] = 0 since N is a constant and from product rule, 
 W = N!n0! n1! n2! … . nε! (2.23)  
 ln(W) = 𝑙𝑛 � N!n0! n1! n2! … . nε!�= 𝑙𝑛𝑁! − ln (n0! n1! n2! … . nε!)
≈ 𝑁𝑙𝑛𝑁






 ln(W) ≈ 𝑁𝑙𝑛𝑁 −�𝑛𝑖𝑙𝑛(𝑛𝑖)
𝑖
 (2.25)  
differentiating d𝑙𝑛(W) ≈ 𝑑 �𝑁𝑙𝑛𝑁 −�𝑛𝑖𝑙𝑛(𝑛𝑖)
𝑖
� (2.26)  
 d𝑙𝑛(W) ≈ −𝑑 � 𝑛𝑖𝑙𝑛(𝑛𝑖)
𝑖
� (2.27)  
 
 
d𝑙𝑛(W) ≈ − � 1 + 𝑙𝑛 (𝑛𝑖)
𝑖
� 𝑑𝑛𝑖 (2.28)  
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[∑ 𝑑𝑛𝑖𝑖 ] = 𝑑𝑁 = 0 since N is a constant. [∑ 𝜀𝑖𝑑𝑛𝑖𝑖 ] = 𝑑𝐸 = 0, as energy is 
also a constant.  Lagrange multipliers α and β are added to equation (2.28) to 
obtain the probability distribution of the maxima. 
From equation (2.23), the value of N with maximum W, (i.e. most probable N) 
Defining the probability function in terms of equation (2.32),  
where 𝑝𝑖 is the fraction of molecules with energy 𝜀𝑖, 𝑧𝑖 = ∑ 𝑒−𝛽𝜀𝑖𝑖  is defined 
as  the normalizing factor that ensures 𝑝𝑖 ≤ 1 ,  a state variable known as the 
molecular partition function.  
 d𝑙𝑛(W) ≈ − � 𝑙𝑛 (𝑛𝑖)
𝑖
� 𝑑𝑛𝑖 + 𝛼�𝑑𝑛𝑖
𝑖+ 𝛽�𝜀𝑖𝑑𝑛𝑖
𝑖
= 0 (2.29)  
 𝑙 𝑛(𝑛𝑖) = −𝛼 − 𝛽𝜀𝑖 (2.30)  
 𝑛𝑖 = 𝑒−𝛼𝑒−𝛽𝜀𝑖 (2.31)  




 (2.32)  
 
𝑝𝑖 = 𝑛𝑖𝑁 = 𝑒−𝛼𝑒−𝛽𝜀𝑖𝑒−𝛼 ∑ 𝑒−𝛽𝜀𝑖𝑖 = 𝑒−𝛽𝜀𝑖∑ 𝑒−𝛽𝜀𝑖𝑖 = 1𝑧𝑖 �𝑒−𝛽𝜀𝑖� (2.33)  
 𝑧𝑖 = �𝑒−𝛽𝜀𝑖
𝑖
 (2.34)  
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Substituting the result obtained in equation (2.34) into (2.22), we can now 
obtain the function for the average energy < ε > of a molecule,  
 
2.1.5 Energy of N interacting molecules and the Canonical Partition function  
In a system, where the molecules interact with each other, the total energy E 
of a system is given the sum of the energy of individual molecules as well as 
the energy contributed by molecular interactions. In order to account for these, 
the concept of “an ensemble” is introduced. The system is replicated 𝑁� times, 
with constant total energy 𝐸�  such that the average energy < 𝑬 >= 𝐸�/𝑁� 
describes the internal energy of the system. 
 
Figure 2.5 The canonical partition function describing a system of interacting 
molecules 

















Instead of grouping molecules possessing the same energy level as per 
previous section, here members of the ensemble with the same Energy E are 
grouped together instead.  
 
 
Figure 2.6 The canonical distribution and a system in thermal contact 
This concept further determines that in order for the system to be at 
temperature T, the members are placed in thermal contact with each other, and 
thus energy is allowed to transfer from one member to another. Following the 
arguments presented in the previous section, there will be a dominating 
configuration of this ensemble, called the canonical distribution, where the 
fraction of members with energy Ei is given by 
 





 (2.36)  
 𝑍 = �𝑒−𝛽𝐸𝑖
𝑖
 (2.37)  
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This is the more general form of partition function that can also describe a 
system with independent, non-interacting molecules explained in the previous 
section. This is given that for a system of N molecules, 
Therefore,  
 
Further, from (1.35), for any molecule A, its molecular partition function is 
given by 
The canonical partition function contains the information related to individual 
energies possessed by each molecule. In order to contain all this information, 
the dependence of the canonical partition function with the molecular partition 
function for a unique N number of molecules allows each molecule to enter 
into  all of its own independent states, given by its own molecular partition 
function.   
 𝐸 = 𝜀𝑖(𝐴) + 𝜀𝑖(𝐵) + 𝜀𝑖(𝐶)+. . 𝜀𝑖(𝑁) (2.38)  
 𝑍 = �𝑒−𝛽𝑬𝒊
𝑖= 𝑒−𝛽�𝜀1(𝐴)+𝜀1(𝐵)+𝜀1(𝐶)+..𝜀1(𝑁)�1+ 𝑒−𝛽�𝜀2(𝐴)+𝜀2(𝐵)+𝜀2(𝐶)+..𝜀2(𝑁)�2 + ⋯= 𝑒−𝛽�𝜀1(𝐴)�1𝑒−𝛽�𝜀1(𝐵)�1𝑒−𝛽�𝜀1(𝐶)�1 . . 𝑒−𝛽�𝜀1(𝑁)�1+ 𝑒−𝛽�𝜀2(𝐴)�2𝑒−𝛽�𝜀2(𝐵)�2𝑒−𝛽�𝜀2(𝐶)�2 . . 𝑒−𝛽�𝜀2(𝑁)�2 + ⋯ 
(2.39)  
 𝑧𝐴 = �𝑒−𝛽𝜀𝑖
𝑖




Figure 2.7 Allowable systems of a system of interacting molecules 
In this case, for N number of molecules, which are distinguishable, from math 
This also agrees with equations (2.39) and (2.40). 
However, for a system with indistinguishable molecules, in order to avoid 
repetitions,  


























𝑁!  (2.42)  
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2.1.6 The Canonical Partition function of an adsorbent-adsorbate system  
 
Figure 2.8 A system of adsorbent + adsorbate and defining the canonical 
partition function  
In the previous analysis, the canonical partition function for any given N 
molecules is defined. In an adsorption situation, the different number of 
adsorption sites has to be taken into account. The number of possible 
arrangements for Na molecules for So sites is given mathematically by 
Thus, the canonical partition function in (2.42) becomes  
For the ensemble, the average energy of the members which also describes the 
internal energy of the system follows equation (2.36) which was used for the 
system of N molecules. The average energy of the ensemble is thus given by 
 Invoking (2.36), <E> is given as 
 
𝑊𝑎 = 𝑆𝑜!(𝑆𝑜 − 𝑁𝑎)! (2.43)  
 
𝒁 = 𝑆𝑜!
𝑁𝑎! (𝑆𝑜 − 𝑁𝑎)! 𝒛𝒊𝑁𝑎 (2.44)  




 (2.45)  
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In order to simplify equation (2.43), it is substituted with the differential of the 
canonical partition function which is, from (2.39), 
The average energy of the ensemble in (2.37) is thus given by, 
𝛽 of real systems are found to be 1
𝑘𝑇
 and thus (2.39) is given by 









𝑣,𝑁. Comparing this with the average energy of the molecules 
in equation (2.46),  
In terms of the molecular partition function from (2.44), (2.51) becomes 

















 (2.47)  
 < 𝑬 >= 1
𝑍




� (2.48)  
 < 𝑬 >= −�𝑑𝑙𝑛𝑍
𝑑𝛽
� = 𝑇2 �𝑑𝑘𝑙𝑛𝒁
𝑑(𝑇) � (2.49)  




 (2.50)  
 Aσ = −𝑘𝑇𝑙𝑛𝒁 (2.51)  
 Aσ = −𝑘𝑇𝑙𝑛 � 𝑆𝑜!
𝑁𝑎! (𝑆𝑜 − 𝑁𝑎)! 𝒛𝒊𝑁𝑎� (2.52)  
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Using Stirling’s Approximation, i.e.,  (lnX!) ≈ XlnX - X, equation (2.52) may 
be written as 
Finally, substituting (2.53) into equation (2.19) the adsorbed phase chemical 
potential is expressed as  
 Defining 𝜃 as the number of occupied sites i.e.  𝑁𝑎 𝑆𝑜� , 
 
  
 Aσ = −𝑘𝑇{𝑁𝑎𝑙𝑛𝒛𝒊 + 𝑆𝑜𝑙𝑛𝑆𝑜 − 𝑁𝑎𝑙𝑛𝑁𝑎
− (𝑆𝑜 − 𝑁𝑎)𝑙𝑛(𝑆𝑜 − 𝑁𝑎)} (2.53)  
 
µσ = �∂Aσ
∂N𝑎�So,T,v= −𝑘𝑇{𝑙𝑛𝒛𝒊 − 𝑙𝑛𝑁𝑎 − 𝑙𝑛(𝑆𝑜 − 𝑁𝑎)} (2.54)  
 𝜇𝜎 = −𝑘𝑇{𝑙𝑛𝒛𝒊 − 𝑙𝑛𝑁𝑎 − 𝑙𝑛(𝑆𝑜 − 𝑁𝑎)}= 𝑘𝑇 �−𝑙𝑛𝑧𝑖 + 𝑙𝑛𝑁𝑎 − 𝑙𝑛𝑆𝑜
− 𝑙𝑛 �1 − 𝑁𝑎
𝑆𝑜
 ��
= 𝑘𝑇 �𝑙𝑛� 𝑁𝑎𝑆𝑜
𝑧𝑖 �1 − 𝑁𝑎𝑆0 ��� 
= 𝑘𝑇𝑙𝑛 𝜃




2.2 Review of the Derivation of Adsorption Isotherms  
2.2.1 Langmuir Isotherm Model    
Utilizing the concept of the gas phase chemical potential, and the ideal 
assumptions, the gaseous phase chemical potential, μ is expressed in terms of 
the reference chemical potential μo 
where P refers to the vapor pressure  
Following from the development in Section 2.1 and substituting (2.55) and 
(2.56) into (2.18), the rate of filling of gas molecules into the pores (which is 
equivalent to the flux of gas molecules moving towards the surface) is given 
by 66 
 












































The expression is simplified by grouping the constant terms as 𝐾A and 𝐾𝐷 67  
Equation (2.57) may thus be re-written as 
As 𝑡 → ∞, 𝑑𝜃
𝑑𝑡
→ 0, i.e., the uptake of adsorbate diminishes to zero; then, 
Taking the positive root solution (real solution), the Langmuir isotherm 
equation is derived in terms of the pressure of the adsorbent + adsorbate 
system which is related to the “vacancy” or the unfilled pores on the surfaces 
of adsorbent. 




�𝑃 = 𝑧𝑖𝑒𝑥𝑝𝜇𝑜𝑔𝑘𝑇𝑃 = 𝐾𝑃 
 
𝐾A = 𝐾e𝑧𝑖𝑒𝑥𝑝𝜇0𝑔𝑘𝑇 (2.58)  
 
𝐾D = 𝐾e𝑧𝑖 𝑒𝑥𝑝−𝜇0𝑔𝑘𝑇 (2.59)  
 𝑑𝜃
𝑑𝑡
= 𝐾A𝑃 1 − 𝜃𝜃 − 𝐾D 1𝑃 𝜃1 − 𝜃 (2.60)  
 𝜃1 − 𝜃 = 𝐾A𝐾D 𝑃2 1 − 𝜃𝜃  (2.61)  
 
𝜃 = ��𝐾A𝐾D�𝑃 �−��𝐾A𝐾D�𝑃 ± 1�







        𝑜𝑟       𝑃 (𝐾𝐴=𝐾𝐷) = 𝜃1−𝜃  (2.63)  
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where 𝑧𝑖 is the molecular partition function, 𝐾 = 𝑧𝑖𝑒𝑥𝑝𝜇𝑜𝑔𝑘𝑇 = ��𝐾A𝐾D� and this is 




2.2.2 Langmuir- Freundlich Isotherm Model    
2.2.2.1 Isotherm of a Localized Adsorption Site 
In the previous sections, the energetic heterogeneity of the adsorption surface 
was ignored. It was assumed that every point on the surface is equivalent to 
the others even at a molecular level of resolution. A real surface, however, 
must be made up of atoms and are thus not homogenous at a molecular scale. 
The heterogeneous nature originates from the formation of the solid adsorbent 
itself, related to the geometrical roughness. For practical analysis, the potential 
experienced by a guest molecule at different locations defines the surface 
energy heterogeneity as follows. 
 
Figure 2.9 Many localized adsorption sites (1-5) given by its adsorption 
energy 𝜖1−5 
If each local adsorption site has its own uptake 𝜃 which is dependant on the 
adsorption energy 𝜖 of that site, then the averaged surface coverage 𝜃𝑡 may be 
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expressed. Denoting 𝑛𝑗  as the local quantity of molecules adsorbed, 𝑠𝑜 as the 
local quantity of adsorption sites and thus the local adsorption is 𝜃𝑗 = 𝑛𝑗𝑠𝑗 . If 𝑁𝑎 
is the total quantity of molecules adsorbed and 𝑆𝑜 is the total quantityof 
adsorption sites, then the total averaged uptake 𝜃𝑡  is thus given by 
Suppose there is a continuous function 𝜒(𝜖) which describes the distribution of 
adsorption sites as a function of adsorption energy 𝜖 whereby 
And hence 
(2.66) may then be expressed as 69 
The challenge now is to obtain an expression for 𝜃(𝜖) and 𝜒(𝜖) of equation 
(2.67). In the derived isotherm 𝜃 equation of (2.63) the energetic heterogeneity 
may be introduced by describing the molecular partition function of adsorbed 
molecules in terms of the adsorption energy 𝜖 of the adsorption sites. This may 
be derived similar to the arguments in deriving equation (2.41) but now, 
breaking down the molecular partition function itself to its constituent 
 𝜃𝑡  = 𝑁𝑎𝑆𝑜 = 𝑠1𝑆𝑜 𝑛1𝑠1 + 𝑠2𝑆𝑜 𝑛2𝑠2 + 𝑠3𝑆𝑜 𝑛3𝑠3 + 𝑠4𝑆𝑜 𝑛4𝑠4 + 𝑠5𝑆𝑜 𝑛5𝑠5 + ⋯= 𝑠1
𝑆𝑜
𝜃1 + 𝑠2𝑆𝑜 𝜃2 + 𝑠3𝑆𝑜 𝜃3 + 𝑠4𝑆𝑜 𝜃4 + 𝑠5𝑆𝑜 𝜃5 + ⋯ (2.64)  
 𝑠𝑖
𝑆𝑜




d𝜖 = � 𝑠𝑖
𝑆𝑜
(𝜖)∞
𝑛=1 = 1 (2.66)  
 𝜃𝑡  = � �𝜃(𝜖) × 𝜒(𝜖)�∞
0
d𝜖  (2.67)  
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energies. The molecular partition function of any localized adsorption site 
with adsorption energy 𝜖 is thus given as 
Starting from the derived Langmuir isotherm equation the following 
expression is obtained for the localized adsorption uptake 
Letting 𝐾𝑝 = 𝑒𝑥𝑝�−𝜖𝑐 𝑘𝑇� � and thus 𝜖𝑐 is  –𝑘𝑇𝑙𝑛𝐾𝑃 , 
where 𝜖𝑟 = 𝜖−𝜖𝑐𝑘𝑇0 , 𝜏 = 𝑇 𝑇0� . 
The graph of equation (2.70) for different T and 𝜖𝑐 = 0 may be drawn and is 
found to be as follows: 
 
Figure 2.10 Graph of equation (2.70) for different T and 𝜖𝑐 = 0 
 𝒛𝒊 = 𝑧𝑖0𝑒𝑥𝑝(𝜖 𝑘𝑇� ) (2.68)  
 
𝜃 = 𝐾𝑝(1 +𝐾𝑝) = 𝐾𝑒𝑥𝑝(𝜖 𝑘𝑇� )𝑃1 +𝐾𝑒𝑥𝑝(𝜖 𝑘𝑇� )𝑃 = 𝑒𝑥𝑝(𝜖 𝑘𝑇� )(𝐾𝑃)1 + 𝑒𝑥𝑝(𝜖 𝑘𝑇� )(𝐾𝑃) (2.69)  
 
𝜃(𝜖) = 𝑒𝑥𝑝 𝜖 − 𝜖𝑐𝑘𝑇1 + 𝑒𝑥𝑝 𝜖 − 𝜖𝑐𝑘𝑇 = 𝑒𝑥𝑝
𝜖𝑟
𝜏1 + 𝑒𝑥𝑝 𝜖𝑟𝜏  (2.70)  
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For values of 𝜖𝑐 ≥ 0 these graphs will simply be a translation to the right and 
hence as 𝑇 → 0 the equation of 𝜃(𝜖) simplifies to a dirac-delta function (step 
function) expressed as follows: 
Approximating 𝜃(𝜖) ≈ 𝜃𝑐(𝜖) is known as the condensation approximation 
(CA) and the curve 𝜃𝑐 is known as the condensation isotherm. The above 
graphs also show that at any temperature, (𝜖𝑐) = 1 2�  . Under this 
approximation, equation (2.66) for the averaged surface coverage simplifies to 
 
2.2.2.2 Distributions of 𝜒(𝜖)−𝝌(𝝐) as a Symmetrical Gaussian Function 
The 𝜒(𝜖) curve for an actual solid is complicated, but is simplified, by 
approximating as a smooth curve. This curve may be first approximated as a 
symmetrical Gaussian function. The Gaussian function  𝜒(𝜖)  centered at 𝜖0 , 
dispersion c in this case may be expressed as 68 
 lim
𝑇→0
𝜃(𝜖) = 𝜃𝑐(𝜖) = �0 𝑓𝑜𝑟 𝜖 ≤  𝜖𝑐1 𝑓𝑜𝑟 𝜖 ≥  𝜖𝑐  (2.71)  
 𝜃𝑡  = � �𝜃(𝜖) × 𝜒(𝜖)�∞
0
d𝜖





𝜒(𝜖) = 1𝑐 𝑒𝑥𝑝 �𝜖 − 𝜖0𝑐 �






Figure 2.11 Gaussian function  𝜒(𝜖)  centered at 𝜖0 = 0 , dispersion c for c = 
10, 20 and 30 
Using equation (2.66),  
Substituting 𝜖𝑐 =–𝑘𝑇𝑙𝑛𝐾𝑃 
Equation (2.75)  is called the Langmuir- Freundlich isotherm  model. 
  
 
𝜃𝑡  = � 𝜒(𝜖)∞
𝜖𝑐
d𝜖 = � 1𝑐 𝑒𝑥𝑝 �𝜖 − 𝜖0𝑐 �




= �1 + 𝑒𝑥𝑝 �𝜖𝑐 − 𝜖0𝑐 ��−1 
(2.74)  
 
𝜃𝑡  = �1 + 𝑒𝑥𝑝 �–𝑘𝑇𝑙𝑛𝐾𝑃 − 𝜖0𝑐 ��−1 = �𝐾𝑝𝑒𝑥𝑝 �𝜖0𝑘𝑇��
𝑘𝑇
𝑐
1 + �𝐾𝑝𝑒𝑥𝑝 �𝜖0𝑘𝑇��𝑘𝑇𝑐  (2.75)  
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2.2.3 Dubinin-Astakhov Isotherm Model  - 𝝌(𝝐) as an Assymmetrical 
Gaussian Function 
From experimental analysis of 𝜒(𝜖), it is observed that an non-symmetrical 
Gaussian Function is more appropriate provided that it is a function that can 
describe both a left-hand widened and right hand-widened Gaussian. 
Rudzinski and co-workers applied a non-symmetrical function for 𝜒(𝜖) given 
as70 
where E is the variance of 𝜒(𝜖) and 𝑟 governs the symmetry of the function.  
  
 











Figure 2.12 Assymetrical Gaussian function  𝜒(𝜖)  of equation (2.76) centered 
for r =1, 3 and 5 
Using equation (2.66),  
Substituting  𝜖𝑐 =–𝑅𝑇𝑙𝑛𝐾𝑝 




𝜃𝑡  = � 𝜒(𝜖)∞
𝜖𝑐


















𝜃𝑡  = 𝑒𝑥𝑝�− �(𝜖𝑐 − 𝜖1)𝐸 �𝑟�



















Equation (2.79) is also known as the Dubinin-Astakhov (DA) Isotherm Model. 
The case where r=2, it becomes the Dubinin-Radushkevich (DR) Isotherm 
Equation.  
2.2.4 Toth Isotherm Model  - 𝝌(𝝐) as an Assymmetrical Gaussian Function 
Here the site energy distribution term is also a Gaussian function instead given 
by 71 
It is thus possible to express equation (2.66) as 
Equation (2.81) is referred to as the Toth Equation.  
  
 
𝜃𝑡  = 𝑒𝑥𝑝 �−�𝑘𝑇𝐸 �−𝑙𝑛𝐾− 𝜖1𝑘𝑇− 𝑙𝑛𝑝��𝑟�
= 𝑒𝑥𝑝 �− �𝑘𝑇
𝐸
(𝑙𝑛𝑝𝑜 − 𝑙𝑛𝑝)�𝑟�















)�𝑡 + 𝑏�−𝑡+1𝑡  (2.80)  
 








) ��𝑝𝑒𝑥𝑝(−𝜖 − 𝜖𝑠
𝑘𝑇
)�𝑡∞
0 + 𝑏�−𝑡+1𝑡 d𝜖 
= 𝑝𝑒𝑥𝑝 �−𝜖 − 𝜖𝑠𝑘𝑇 �




Table 2.1 Summary of site energy distribution terms for corresponding 
isotherm models 





























































) ��𝑝𝑒𝑥𝑝(−𝜖 − 𝜖𝑠
𝑘𝑇
)�𝑡 + 𝑏�−𝑡+1𝑡  
(Asymmetrical Gaussian) 
𝑝𝑒𝑥𝑝(−𝜖 − 𝜖𝑠𝑘𝑇 )
�𝑏 + �𝑝𝑒𝑥𝑝(−𝜖 − 𝜖𝑠𝑘𝑇 )�𝑡�1𝑡  
 
2.3 Review of the Adsorbents for the Adsorption Chiller System 
In the selection of adsorbents, both the uptake capacities as well as its rate are 
primary information required for a thermal compressor. The behavior of the 
adsorbent-adsorbate system described by its equilibria as well as kinetics will 
determine the practicality and performance of the adsorption chiller system. 
An adsorbent + adsorbate pair with large adsorption volumes will 
consequently have a longer adsorption rate (adsorption kinetics) and may not 
be practical as it is hindered by its higher cycle times. Ideally, the adsorbent 
chosen for the thermal compressor should thus be characterized by fast 
kinetics in addition to high uptake capacities. This is determined by 
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a. High micro-pore volumes which is related to its large surface area. 
b. A macro-pore structure network that encourages the entering of vapor 
molecules into the inner pores of the adsorbent. 
The adsorption chiller may then be evaluated from these surface 
characteristics where the best adsorbent is one which have smaller micro-pore 
sizes, high surface area and excellent porosity 72.  
In the literature, most of the adsorption equilibria data of adsorbent-propane 
are specifically designed for the analysis of the separation of propane-
propylene which is considered the highest energy intensive separation process 
in the petro-chemical field 73-76. Interest in utilizing adsorption for this process 
has been increasing with the expectation that it would raise the separation 
factor, making it a lower energy intensive operation77, 78. Most data thus in the 
literature covers limited vacuum pressure ranges (<1 bar) 78 which are much 
lower than the working ranges in the adsorption chiller which could reach up 
to the condenser pressure of 13 bars. Furthermore, temperatures are also 
limited to the operational temperatures of the separation process which are 
typically (303-343) K. 
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2.3.1 Microporous Adsorbents 
Ruthven (1984) categorized the adsorbents based on its microporous structure 
as (i) amorphous, (ii) activated carbons as well as (iii) zeolites 79 . Amorphous 
materials include silica gel, clay, alumina and other oxides. Many of the first 
studies of the adsorption refrigerant system begin with the use of silica gel as 
adsorbent 80. Silica gel which has been popular to be used with water 
adsorbate molecules are spherical particles consisting of a continuous network 
of colloidal silica 79. This is due to the (-OH) group of the water molecule, 
which makes the hydrophilic nature of silica ideal as its adsorbent in the 
thermal compressor 80.   
Zeolite particles were also investigated in the late 1970s 80.  They are made 
artificially and could also be found naturally. It has been used in previous 
works for catalysis refining, the separation of hydrocarbons as well as in the 
production of petrochemical 81-83. Hampson et al 84 for example, studied the 
removal of propane from a natural gas mixture by performing equilibria 
experiments with propane.  
Coupled with their much higher costs per unit mass, the adsorption uptakes of 
silica gel-propane and zeolite-propane are not relatively competitive compared 
to activated-carbon propane in the existing literature 81-83. Isabel et al (2007) 
for example, achieved, uptakes that are three times higher utilizing coal based 
extruded carbon at 297.8K as compared to silica gel. Amongst these works are 
the equilibria data for silica  gel-propane of  Marie-Georges Olivier and Roger 
Jadot 70 and zeolite-propane of Abdul Rehman et al 85 as plotted in Figure 2.6 




Figure 2.13 Adsorption equilibria of KC type silica gel (BET surface area 
850m2/g) with propane at temperatures of (278-◊, 293-□ and 303-∆) K.  
 
 
Figure 2.14 Adsorption equilibria of Linde S-115 silicalite type Zeolite (BET 
surface area 380m2/g) with propane at temperatures of (275-◊, 300-□, 325-∆ 













































2.3.2 Activated Carbons 
Activated carbon specimens have been tested for use in the thermal 
compressor and had been found to exhibit the most favorable characteristics 
for chilling applications due to their textural properties, especially its large 
BET surface area and thus its high micro-pore volume. The surface is 
generally hydrophobic having a strong affinity for organic substances 86. The 
reason for its high adsorption uptakes of non-polar molecules is its graphite 
surface properties which are chemically inert and a large internal surface area 
87. Thus hydrocarbons that have been tested thoroughly for applications such 
as natural gas storage and separation finds activated carbon a remarkable 
adsorbent to be utilized 88. Furthermore, it is possible to compact activated 
carbon powder with high efficiency in a packed bed arrangement 89 or with a 
suitable binder. It may also be produced in large quantities at a low cost. 
Activated carbons are thus chosen in this work due to its large adsorption 
capacity as micro-pore volumes are modifiable through selected methods that 
will soon be expounded upon. This large capacity yields greater uptake 
differences between the adsorption and desorption beds allowing for smaller 
adsorption beds for a given required refrigerant flow rate.  
A large number of work undertaken in the past few decades has focused on the 
development and characterization of activated carbons for various adsorption 
systems 90-93. These studies achieved activated carbon consisting of a carbon 
matrix of high micro-porosity and an intricate network of pathways ideal for 
adsorption of adsorbate molecules. It was found that for hydrocarbons such as 
methane, its density is almost liquid-like resulting in high uptakes. 
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 2.3.3 Preparation of Activated Carbons 
The development of activated carbons is moving towards cheaper alternative 
organic pre-cursor materials in the synthesis process which are high in carbon 
content as shown in Table 2.1. They may be made from waste materials that 
are readily available from various industry processes. In fact, these waste 
products exhibit properties which make it ideal for applications where are low 
ash and high carbon content is required. Furthermore, they are also  




Table 2.2 Materials used as pre-cursors for activated carbon synthesis 
Material Author (s) 
Petroleum Coke 
 
Otowa et al (1993) 93 





Sun et al (1996) 95 




Brady et al (1996) 97 
 
Oil palm stone 
 








Walton et al (2005) 100 
Bastos-Neto et al (2005) 101 


























The micro and macro pores are created through an activation process which 
excavates the carbon atoms out of the solid carbon particle. This activation 
process may be categorized as (1) physical or (2) chemical activation or a 
combination of both 108. Physical activation involves the carbonization process 
followed by the activation step that involves the purging in of gas, commonly 
carbon dioxide or water vapor at high temperatures. Chemical activation in 
addition, constitutes the inclusion of chemicals such as NaOH, KOH, H3PO4 
and ZnCL2 to the pre-cursor which is then heated in an inert environment to 
temperatures from 670 K to 1300 K. The addition of these chemicals results in 
a different thermo-chemical decomposition of the pre-cursor material itself 109.  
2.3.4 Activated Carbon Properties in Adsorption Chillers 
The features of the activated carbon that make it favorable to be used in the 
thermal compressor is its textural characteristics 110 that will consequently 
result in higher uptake values. Both the nature of the preparation and 
activation stage is responsible for these properties that should produce high 
surface areas greater than 1000 m2/g.  The adsorption capacity increases 
linearly with the surface area. Secondly, the activated carbon should also 
exhibit a narrow pore size distribution centers at around 8 Å which will result 
in higher adsorbed phase densities. Thirdly, the activated carbon should be 
compact so that the footprint of the thermal compressor is small. Fourthly, it 
should also have a low meso-porosity so that the kinetics of the adsorption and 
desorption process may be enhanced. Finally and most importantly, the micro-
porosity should be high so that the adsorption capacity is enhanced. These 
properties may be determined by CO2 or N2 isotherm measurements using 
existing theoretical models. 
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2.3.5 Types of Activated Carbon  
In general, there are four categories of activated carbon for various adsorption 
systems 111. These are dependent on the choice of precursor material used as 
well as the manufacturing process 111. They are: 
A. Activated Carbon Powder (ACP) 
B. Activated Carbon Fiber (ACF) 
C. Granular Activated Carbon (GAC) 
D. Carbon Molecular Sieve (CMS) 
In the literature, the first three types of activated carbon have been thoroughly 
studied 112. CMS are commonly utilized in the separation of gases by the 
principle of differential diffusion rates 113.The reason for its limited use is its 
general slower kinetics of the molecules in the micro-pores. 
 2.3.6 Metal Organic Framework (MOFs) 
There are existing studies related to the use of MOFs for adsorption chiller 
applications where water is utilized as the adsorbate 114-116. In general, it 
exhibits modifiable and yet uniform pore sizes with a higher surface area, and 
a pore wall that could be functionalized making it an attractive option as the 
adsorbent 112, 116. This, however, is not considered as a potential absorbent due 
to its high cost at present and hydrocarbon uptake capacities from literature 






In this chapter, the scientific background related to the fundamentals of 
adsorption from a statistical rate viewpoint has been reviewed. The 
characteristics of the adsorbent-adsorbate system in terms of Temperature (T), 
Pressure (P) and uptake (q) have been derived from first principles for the 
various isotherms compiled from the available literature. They are (i) 
Langmuir, (ii) Langmuir-Freundlich (LF), (iii) Dubinin-Astakhov (DA) (iv) 
Dubinin-Raduskevich (DR) and (iv) Toth isotherm models. While the 
Langmuir equation assumes an energetically homogeneous adsorption surface, 
the rest of the models consider the heterogeneity of the surface. The LF model 
describes the surface heterogeneity by mathematically expressing the site 
distribution term as a symmetrical Gaussian function while DA, DR and Toth 
model, an asymmetrical Gaussian function.  
The adsorbents used in the adsorption chiller have also been reviewed. Apart 
from the high porosity achieved for the Activated Carbons, it is an attractive 
option as compared to zeolites, silica gel and MOF due to its lower costs when 
derived from readily available sources. In the literature, propane adsorption in 
particular has higher uptakes when activated carbons are utilized as adsorbent 
compared to those of silica gel and zeolite. While these studies gave a good 
depiction of the uptake capacities of the various adsorbents, they were related 
to hydrocarbon separation processes which are limited in terms of its 
temperature and pressure ranges. It is thus necessary to conduct equilibria 
experiments for the activated carbon/propane in order to obtain the isotherms 
required for the analysis and design of the propane adsorption chiller system.  
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CHAPTER 3: ADSORPTION EQUILIBRIA OF PROPANE 
VAPOUR ON ACTIVATED CARBON 
 
3.1 Background 
The steady-state adsorption uptake of vapor on activated carbon for a given 
temperature and pressure is one of the most crucial data required in 
understanding the pair as an adsorption system. These adsorption isotherm 
curves are essential ingredients for the study of thermodynamic properties 
such as  enthalpy (h) and entropy (s), adsorbed phase density (ρ), specific heat 
capacity (cpa) and its isosteric heat (Hads) of the adsorbent + adsorbate system 
117-119. The feasibility of any adsorption application is also directly related to 
the adsorption pair performance in both equilibria and kinetics. The approach 
in investigating the latter will be presented in the coming chapters. In order to 
satisfy these two requirements, the solid adsorbents must have (i) a fairly large 
surface area or micro-pore volume and (ii) a comparatively extensive pore 
network for the diffusion of adsorbent molecules into the inner pores 119, 120.   
This chapter elucidates on the adsorption equilibria data for specimens of 
propane on activated carbon fiber (ACF), activated carbon powder (ACP) and 
granular activated carbon to contribute to the growing efforts towards collating 
experimental adsorption equilibria data for specific adsorbent + adsorbate 
combinations. The activated carbon specimens tested are ACF (A-20), ACF 
(A-15), granular Chemviron and ACP (highly porous activated carbon powder 
of type Maxsorb III). The adsorbed mass of adsorbate per unit mass of 
activated carbon is determined using the established constant-volume-
variable-pressure (CVVP) approach. Appropriate activated carbon sample for 
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adsorption chiller applications are further tested for its adsorption 
characteristics in the required Temperature and Pressure ranges. The Dubinin-
Ashtakov (DA) as well as Toth models are then used to regress the 
experimental isotherms due to its good fit of previous adsorption pairs in 
moderate pressure ranges 121-123. The results obtained are then analyzed in 
terms of its agreement with previous studies where comparable 
adsorbent/adsorbate combinations were utilized. 
3.1.1 Adsorption Equilibria 
The study of adsorption equilibria relates to the steady state reached when an  
adsorbent is exposed to adsorbate molecules after a long period 124. The 
amount of adsorbed molecules per adsorbent molecule is termed as the 
equilibrium adsorbate uptake (q) which increases with the steady state 
pressure (Pe) and decreases with the steady state temperature (Te) which means 
that q is a function of both Pe and Te. An adsorption isotherm thus describes 
the uptake q at a steady state pressure Pe for any given steady state 
temperature, Te as shown in Figure 3.1. 
 
Figure 3.1 Two adsorption isotherms q = f(Pe) for given steady state 




Out of all the existing materials utilized in this field, activated carbon is 
amongst the most obscure adsorbents, but it is the most adaptable in terms of 
applications because of its exceedingly large surface area and micro-pore 
volume. Moreover, its bi-disperse pore size distribution brings about an 
excellent passageway for the vapor molecules to reach the inner pores 125. 
These properties make the activated carbons an excellent choice as adsrobent 
for industrial applications such as adsorption cooling or adsorptive gas 
storage.  
3.2 Experimental Adsorption Measurement for Surface 
Characteristics 
3.2.1Materials  
Four activated carbon samples of types Activated Carbon Powder (ACP), 
Activated Carbon Fibre (ACF) and granular type were tested for their surface 
characteristics as possible candidates for the activated carbon+propane 
adsorption chiller. They are the ACF (A-20), ACF (A-15), ACP (highly 
porous activated carbon powder of type Maxsorb III) and granular type 
Chemviron. Pitch type carbon fibers, ACF (A-20) and ACF (A-15) are 
acquired from Osaka Gas Co Ltd Japan. The photos of these samples are 
shown in Figure 3.2. These ACF samples were produced by pitch spinning, 
followed by the stabilization process using flame resistance treatment, and 
finally activated 89. These high carbon content ACFs are known to have 
relatively higher pore volume as well as surface area 126. ACP (highly porous 
activated carbon powder of type Maxsorb III) is supplied by Kansai Coke and 
Chemicals Co. Ltd and is produced from petroleum coke which is then 
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dehydrated by blending it with potassium hydroxide at 400°C.  Chemical 
activation takes place between 600°C and 900°C in an inert environment to 
achieve high pore volumes and surface areas 127. The granular type activated 
carbon sample Chemviron which is supplied by Chemviron Carbon GmbH, 
Germany is produced from bituminous coal of high carbon content by 
activation using steam. Figure 3.3 shows the scanning electron microscope 
(SEM) photograph highly porous activated carbon powder of type Maxsorb III 
and ACF (A-20) at 2000 magnification where the former is observed to exhibit 
flake-like properties and the latter to be cylindrical in shape similar to ACF 
(A-15) (Figure 3.4). Chemviron granules at lower magnifications of 90 times 
are observed to be micro-porous granules irregular in shape.  
 
Figure 3.2 Specimens of carbon based adsorbents: (a) ACF (A-15) (b) ACF 
(A-20) (c) highly porous activated carbon powder of type Maxsorb III (d) 
















Figure 3.3 Scanning electron micrographs (FE-SEM) photos of highly porous 
activated carbon powder of type Maxsorb III (left), activated carbon fibre ACF 
(A-20) (right) at magnifications 2000.  
 
   
Figure 3.4 Scanning electron micrographs (FE-SEM) photos of activated 
carbon fibre ACF (A-15) (left), granular activated carbon Chemviron (right) at 





3.2.2 Nitrogen Adsorption/Desorption 
The surface characteristics of the highly porous activated carbon powder of 
type Maxsorb III are determined using the AUTOSORB-1 MP microspore 
analyzer manufactured by Quantachrome Istruments, Boynton Beach, Florida, 
USA. The characteristics of ACF (A-15), ACF (A-20) and Chemviron have 
been elucidated in previous works 55, 128. Liquid Nitrogen is used to maintain 
the temperature of 77.4 K during the adsorption and desorption at pressures 
between 0.001-760 torrs. High purity nitrogen (99.99%) was used. The 
schematic of the set-up are shown in Figures 3.5.  
 
Figure 3.5 Schematic diagrams of AUTOSORB-1 apparatus 
Prior to the experiments, the mass of activated carbon is measured by the 
Ohaus (E12140) mass balance of accuracy 0.1mg before being degassed at 
120°C for 6-7 hours in the out-gassing station at vacuum conditions. The 
activated carbon is then placed in the sample cell as shown in Figure 3.5 with 
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the liquid nitrogen Dewar. Pressure in the sample cell changes until the 
equilibrium state is reached. The amount adsorbed by the adsorbent is 
determined by the difference between the final amount of gas contained in the 
empty spaces of the cell, and the initial amount. Data acquisition and reduction 
by the Quantachrome AS1Win software gives the adsorption and desorption 
isotherms as well as the micro-pore analysis, including the pore size 
distribution and the BET surface area.  
The nitrogen adsorption and desorption isotherm at 77.4K as plotted in Figure 
3.6(a) and Figure 3.6(b) for the highly porous activated carbon powder of type 
Maxsorb III sample shows a Typical type I (IUPAC) isotherm behavior 129. 
Figure 3.6(b) shows the steep initial pressure regions which represents a strong 
micro-pore filling phenomenon and an adsorbent which is highly micro-
porous 130. After a relative pressure of approximately 0.001, the nitrogen 
uptake increases with a uniform slope with the adsorption at the meso-pores. 
At an approximately relative pressure of 0.35, the uptake reaches a plateau, 
when the multilayer formation in both the meso and micro-pores have 
saturated. The curve then levels off and reaches a saturation value. At this 
point, the uptake is micro-pore volume controlled rather than the internal 
surface area. Thus, for highly porous activated carbon powder of type 
Maxsorb III, it is observed that it has a considerable amount of micro-pores as 
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3.2.3 BET Surface Area and Pore Size Distribution 
Based on the BET isotherm equation, the curve of 𝑃𝑟
𝑞(1−𝑃𝑟) against 𝑃𝑟   is plotted 
as shown in Figure 3.7. The BET surface area, total pore volume and average 
pore radius is obtained from the slope and the intercepts of this curve. These 
properties are tabulated in Table 3.1. The cumulative and incremental pore-
size distribution is evaluated using the Quasi-Solid State Density Functional 
Theory (QSDFT) 130 and these are presented in Figure 3.8. The incremental 
pore volume is the pore volume for a given pore size in increments of 
0.015nm. The cumulative pore volume on the other hand, is the total pore 
volume below the given pore size. The results confirms again the earlier 
findings from the isotherm that the highly porous activated carbon powder of 
type Maxsorb III sample consists mainly of micro-pores with peaks at (14, 17 
and 24) Å. Further, the results show that there are a small number of meso-
pores with almost no macro-pores. The cumulative pore volume saturates at 
1.55 cm3/g where the Pore Radius is approximately 40 Å which further depicts 
the microporous nature of the highly porous activated carbon powder of type 
Maxsorb III. Saha et al (2006) reported lower total pore volumes for ACF (A-
20) and ACF (A-15) as summarized in Table 3.1 55. Further, the 
thermophysical properties of Chemviron reported by Kazi (2011) 128 are also 
furnished.      
3.2.4 Density Measurements of carbon based adsorbent samples 
The highly porous activated carbon powder of type Maxsorb III samples are 
first heated to 120 °C for 4 hours and left to cool to room temperature 
overnight. The skeletal density of the dried sample was measured by the 
automated ULTRAPYC 1200e helium pycnometer at room temperature and 
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found to be 2.2441 g/cm3 with a standard deviation of 0.0018 g/cm3. For each 
of these measurements, approximately 8 cm3 of adsorbent is placed in the 
sample cell. The sample cell is repeatedly flushed by purging with helium gas 
and repeated nine times until a satisfactory standard deviation value was 
attained. The density measurement reported by Saha et al 55 and Kazi 128 for 
the carbon fibres and chemviron respectively are furnished in Table 3.1. 
 
 
Figure 3.7 Surface area determined by the multi-point BET curve for the 



































Figure 3.8 Cumulative and incremental pore volume determined by QSDFT 








































Pore Radius, Å 
 67 
 
3.3 Experimental Adsorption Isotherm of Propane on Activated 
Carbon 
3.3.1 Materials 
In these experiments, the high purity grade propane sample supplied by 
LINDE Gas is used with a purity grade greater than 99.5%. All properties of 
propane  used in this report had been determined utilizing the equation of state 
(EOS) introduced by Lemmon 131. The flake-like activated carbon (in powder 
form), highly porous activated carbon powder of type Maxsorb III (are used to 
establish the adsorption properties of propane due to its high porosity. The 
detailed porous characteristics of the highly porous activated carbon powder of 
type Maxsorb III sample along with its BET surface area 132, total pore 
volume, average pore diameter and true density had been expounded in the 
previous sections and are summarized in Table 3.1.  
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3.3.2 Apparatus and Procedure 
The CVVP system essentially consists of a stainless steel (SS 304) loading 
chamber which has an inner volume of 1000 cm3 with an uncertainty of ± 5 % 
ml. It also has a reactor chamber with inner volume of 50 cm3 with an 
uncertainty of 5 % ml. The volumes of the reactor and loading chambers are 
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calibrated by using a calibrated standard volume (210.9 ml with uncertainty of 
0.2 ml) with helium gas. These volumes are measured by recording the 
pressure of the chambers under constant temperature conditions 2.70 g of 
highly porous activated carbon powder of type Maxsorb III were packed in the 
reactor chamber with a packing density between 0.1 g cm-3 and 0.12 g cm-3. 
The loading chamber is linked to the reactor chamber via 1/4" stainless steel 
tubes (Swagelok), fittings and ball valves. The two chambers were submersed 
in a thermal bath (water) which is approximately at the uniform set 
temperature. Thus, there is no heterogeneity in the temperature of the 
chambers as sufficient time is given for the temperature to be steady and there 
is regulated flow of water from the constant temperature circulator. The 
schematic representation and photo of the setup are shown in Figures 3.10 and 
3.11 respectively. The liquid thermal circulator unit (HAAKE F8-C35) 
regulates constant temperature water (between 278.15 K and 368.15 K with an 
uncertainty of ± 0.01 K) at a set temperature utilizing a Thermo Haake 
FuzzyStar® fuzzy logic control. The inner temperatures of both the reactor 
and loading chambers are measured using 1/3 DIN Pt 100 Ω RTDs with 
estimated error of ± 0.15 K. The RTD placed in the reactor chamber is in 
thermal contact with the activated carbon specimen so that the true 
temperature of the adsorbent could be measured. This temperature value is 
regarded as the isotherm temperature. The pressure measurements are 
determined using 0-5 MPa range KYOWA pressure transducers (PGS-50KA). 
These sensors have an error of 0.1 % of the rated full scale. All the 
temperature and pressure measurements are logged in a data logger (Agilent) 
every 10 s throughout the adsorption process. A heater tape controls the 
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temperature of the capillary tubes via a thermostat so that condensation does 
not take place. 
 
 
Figure 3.9 Typical pressure and temperature profiles for the highly porous 
activated carbon powder of type Maxsorb III + propane Pair 
 
Prior to the specimen tests, all the volumetric apparatus are vacuumed using a 
BOC Edwards direct drive vane vacuum pump until an ultimate pressure of 
0.005 kPa is reached. During the vacuuming process, the temperature of the 
reactor chamber is set over 393.15 K so as to regenerate any remaining gases 
in the adsorbent, chambers and tubes, but is maintained below 408.15 K so as 
to prevent charring of the activated carbon specimen. In order to enhance the 
removal of residual gases, purging of Helium gas into the chambers is 
regulated at consistent intervals before being removed out of the setup. The 
































propane gas from the gas cylinder is then released into the loading chamber. 
After allowing the pressure and temperature to stabilize at the equilibrium 
value, valve 2 is then opened and the gas enters the reactor chamber for the 
adsorption process to take place. The equilibrium is reached when the pressure 
stabilizes within the instrumental uncertainty. The representative pressure and 
temperature profiles of the adsorption process are shown in Figure 3.9. These 
values are critical in determining the amount of propane adsorbed.  
Experiments are repeated for temperatures between 278.15 K and 348.15 K 
with the loading chamber charged with propane at assorted pressures below its 
saturation pressure (around 0.8 MPa) in order to avoid the condensation of gas 
in the tubes. This will result in large errors when the mass of propane is 
calculated. The schematic representation and a photo of the entire set-up and 






Figure 3.10 Schematics diagram of the adsorption isotherm apparatus 
 
 





3.3.3 Data Reduction 
The equilibria curves of the adsorbent + adsorbate pair are determined by first 
calculating the amount of propane adsorbed. The amount of gas is calculated 
using the steady temperature and pressure conditions of the constant volume 
setup in the beginning and at the end of experiment. The mass of propane in 
the loading chamber when it is filled with the refrigerant gas to a certain 
pressure at the beginning of the experimentis calculated as follows . 
 𝑚𝑖  = 𝜌𝑎𝑏_𝑖�𝑃,𝑇𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔� × 𝑉𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔_𝑐𝑒𝑙𝑙 (3.1)  
 
where 𝜌𝑎𝑏_𝑖 is the gas density at the beginning, its temperature, 𝑇𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔 and 
𝑉𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔_𝑐𝑒𝑙𝑙 is the volume of the loading chamber. 
The adsorption is assumed to take place within the inner micro-pores of the 
activated carbon and thus the remaining volume, Vvoid in the reaction chamber 
may be determined as follows: 
 𝑉𝑣𝑜𝑖𝑑  = 𝑉𝑎𝑑𝑠_𝑐𝑒𝑙𝑙 − 𝑚𝑎𝑐𝜌𝑠𝑜𝑙𝑖𝑑 − 𝜐𝜇𝑚𝑎𝑐 (3.2)  
In equation (3.2), the total volume of the reaction chamber𝑉𝑎𝑑𝑠_𝑐𝑒𝑙𝑙, mass 
and density of the solid adsorbent specimen mac and ρsolid, as well as the micro-
pore volume of the adsorbent νμ are previously determined. The amount of 
propane gas in the remaining space of the reaction chamber may thus be 
determined as:  
 𝑚𝑣𝑜𝑖𝑑  = 𝜌𝑎𝑏(𝑃,𝑇𝑎𝑑𝑠)𝑉𝑣𝑜𝑖𝑑  at  𝑇𝑎𝑑𝑠 (3.3)  
where ρab is the density of the propane vapor. The generalized equation of 
state proposed by Lemmon et al 24 is utilized to calculate the density of 
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propane at any given reaction temperature, adsT  and pressure. The mass of left-
over refrigerant is calculated from: 
 𝑚𝑓  = 𝜌𝑎𝑏(𝑃,𝑇𝑎𝑑𝑠)𝑉𝑡𝑜𝑡𝑎𝑙   (3.4)  
where  Vtotal = Vcharging_cell + Vvoid and Vcharging_cell  is the volume of the loading 
chamber. ρab_f is the density of propane at temperature, Tads. The mass in the 
beginning and end of the experiment are calculated as: 
 𝑚𝑡𝑜𝑡𝑎𝑙,𝑖 (𝑃,𝑇, 𝑞) =
𝑚𝑎𝑏,𝑖 (𝑃,𝑇, 𝑞) + 𝑚𝑎𝑑𝑠,𝑖 (𝑃,𝑇, 𝑞) +                                    𝑚𝑎𝑐,𝑖 (𝑃,𝑇, 𝑞)   (3.5)  
 𝑚𝑡𝑜𝑡𝑎𝑙,𝑓 (𝑃,𝑇, 𝑞) =
𝑚𝑎𝑏,𝑓 (𝑃,𝑇, 𝑞) + 𝑚𝑎𝑑𝑠,𝑓 (𝑃,𝑇, 𝑞) +                                     𝑚𝑎𝑐,𝑓 (𝑃,𝑇, 𝑞)   (3.6)  
From the conservation of mass, 
 𝑚𝑡𝑜𝑡𝑎𝑙,𝑖 (𝑃,𝑇, 𝑞) =  𝑚𝑡𝑜𝑡𝑎𝑙,𝑓 (𝑃,𝑇, 𝑞) (3.7)  
The amount of adsorbent, 𝑚𝑎𝑐  remain unchanged and since adsorption has not 
taken place in the beginning, the amount of propane is given by 
 𝑚𝑎𝑏,𝑖 (𝑃,𝑇, 𝑞) = 𝑚𝑎𝑏,𝑓 (𝑃,𝑇, 𝑞) + 𝑚𝑎𝑑𝑠,𝑓 (𝑃,𝑇, 𝑞)     (3.8)  
  Hence, the amount of gas adsorbed, 𝑚𝑎𝑑𝑠 can then be obtained from 





Equation (3.9)  is a function of pressure and temperature only. The amount of 
propane vapor adsorbed (in kg) per kg of activated carbon in the reaction 
chamber defines the uptake q, mathematically given by 
 𝑞 = 𝑚𝑎𝑑𝑠 𝑚𝑎𝑐�      (3.10)  
The overall uncertainty in this calculated specific uptake, q value is found to 
be less than ± 5 %. This includes the errors from temperature and pressure 
measurements, the volume of the chambers, derived quantities obtained from 





3.2.4 Results and Discussions 
The equilibria information for the adsorption of propane on various activated 
carbon samples ACF (A-15), ACF (A-20), Maxsorb III and Chemviron at 
typical adsorption and desorption temperatures of 25 oC and 75 oC up to 5 bars 
are compiled as depicted in Figure 3.12 (a), (b), (c) and (d) respectively. From 
these data, it is apparent that the most ‘fanned-shape’ isotherm for these 
conditions is that of highly porous activated carbon powder of type Maxsorb 
III which will result in the highest uptake (∆q) as a thermal compressor. 
Furthermore, the maximum attained uptake for highly porous activated carbon 
powder of type Maxsorb III + propane pair reaches a high value of 























Figure 3.12 Isotherm characteristics of (a) ACF (A-15) (b) ACF (A-20) (c) 


































































The uptake data of propane on the highly porous activated carbons of type 
Maxsorb III were therefore obtained within the temperatures 5 to 75 oC and 
pressures up to 0.8 MPa as tabulated in Table 3.2.  The experimental data are 
graphically represented in Figures 3.13. The isotherms acquired for propane 
adsorption on these adsorbents were found to depict those of type 1 of the 
IUPAC classification 133. As can be seen, the isotherms for the above pair 
exhibit the sign of monolayer saturation at higher pressures. 
 
3.3.5 Correlation of Isotherms 
Both the Dubinin-Astakhov model and Toth of Table 3.3 that has been 
reviewed in the previous sections have been adopted to model our 
experimental isotherm data. The Toth model is most of the time used for 
heterogeneous activated carbons 134 as its shape is representative of vapor 
adsorption of these materials at the entire pressure spectrum (vacuum to high 
pressure). The equation is also relatively simple (equation (3.11)). The 
Dubinin-Astakhov equation, on the other hand, has been utilized to fit the 
adsorption isotherms of assorted refrigerants and vapors onto highly micro-
porous adsorbents 135. The Weibull's distribution function of D-A equation 
also provided the needed flexibility in the description of adsorption data of 
many micro-porous solids ranging from a narrow to wide micro-pore size 
distribution 120. This model has thus been utilized to fit of moderate to high 




Table 3.2 Isotherm data and results for propane on highly porous activated 




















4.99 13.47 0.35 34.96 50.31 0.39 64.97 31.32 0.18 
 76.088 0.59  154.14 0.53  109.64 0.32 
 165.70 0.75  257.80 0.61  204.10 0.41 
 254.33 0.83  358.91 0.70  295.09 0.46 
 334.96 0.84  541.96 0.76  383.51 0.50 
 403.47 0.86  762.89 0.80  485.88 0.54 
 480.37 0.87     726.20 0.62 
14.99 19.83 0.35 45.00 57.12 0.35 75.01 61.66 0.24 
 90.91 0.55  161.34 0.50  137.49 0.34 
 188.03 0.69  267.66 0.57  220.48 0.40 
 278.09 0.78  386.25 0.64  309.04 0.45 
 367.79 0.82  568.21 0.72  389.05 0.48 
 475.10 0.83  745.88 0.76  609.30 0.55 
       759.82 0.58 
25.02 18.04 0.24 55.01 37.60 0.23    
 106.45 0.51  123.20 0.39    
 229.92 0.64  287.26 0.51    
 337.27 0.73  392.62 0.57    
 530.53 0.81  489.46 0.60    
 747.47 0.83  424.16 0.57    
    691.84 0.67    
 
Figure 3.13 Raw experimental data of propane uptake on highly porous 























5 deg C 15 deg C
25 deg C 35 deg C
45 deg C 55 deg C
65 deg C 75 deg C
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 = 𝑘0𝑇𝑒∆ℎ𝑠𝑡𝑅𝑇 𝑃
�1 + �𝑘0𝑇𝑒∆ℎ𝑠𝑡𝑅𝑇 𝑃�𝑡�1/𝑡 (3.11)  













The Toth Model of (equation (3.11)) describes 𝑞 the uptake in terms of 𝑞𝑜, the 
saturated uptake, 𝑘0𝑇 the equilibrium constant, ∆𝐻𝑎𝑑𝑠 the isosteric heat and 𝑡, 
the heterogeneity term characteristic of the activated carbon. In the Dubinin 
Astakhov Equation (3.38) on the other hand, 𝐸 is the characteristic energy of 
the adsorbent + adsorbate pair, and n is the heterogeneity term of the activated 
carbon, which in the literature has been found to vary between 1 and 3. Figure 
3.14 (a) and (b) depicts the regressed fittings with the Toth and DA model 
respectively with the parameters tabulated in Table 3.4. 
 
Table 3.4 shows the numerical value of the parameters 𝑞𝑜, 𝐸, 𝑛, 𝑘0𝑇,  ∆ℎ𝑠𝑡 and 
𝑡 for both Toth and DA model that have been regressed from the experimental 
data. 
Toth Parameters DA Parameters 
𝒒𝒐 (g/g) 1.011 𝒒𝒐 (g/g) 0.9011 
Δhst/R (K) 1844 E (J/mol) 8577 
k0Tx 10
-7 9.65 n 1.219 
t 0.6128   










Figures 3.14 shows the experimental data on highly porous activated carbon 
powder of type Maxsorb III regressed with the Toth equation (a) and DA 























5 deg C 15 deg C
25 deg C 35 deg C
45 deg C 55 deg C























5 deg C 15 deg C
25 deg C 35 deg C
45 deg C 55 deg C




3.3.6 Improvements to the Dubinin-Astakhov Model  
For higher accuracy, corrections in the DA Equation related to the volume of 
the adsorbed phase volume are required. Dubinin (1975) approximates the 
adsorbed phase specific volume (𝑣𝑎) using the following equation 
 𝑣𝑎 = 𝑣𝑏𝑜𝑖𝑙𝑒𝑥𝑝[𝛼(𝑇 − 𝑇𝑏𝑜𝑖𝑙)] (3.13)  
where 𝑣𝑏𝑜𝑖𝑙 is volume per unit mass the refrigerant’s liquid phase at its normal 
boiling point temperature 𝑇𝑏𝑜𝑖𝑙 while 𝛼 denotes the thermal expansion of its 
superheated liquid phase. Further, the temperature dependence of α is given by 
 
𝛼 = 𝑙𝑛 � 𝑏𝑣𝑏𝑜𝑖𝑙�
𝑇𝑐𝑟𝑖 − 𝑇𝑏𝑜𝑖𝑙
 (3.14)  
where 𝑏 is the van der Waals Volume as described by Akkimaradi et al 136 and 
Saha et al 137 for the thermal expansion of the adsorbed phase of subcritical 
adsorption of HFC 134a and R507A on Maxsorb specimens of activated 
carbon. 
Srinivasan et al, however, assumes the adsorbed phase to be a “condensed 
equilibrium phase” 138 similar to but not the same as the liquid phase. This 
model is centered upon the prognostication that the bulk gas phase density 
must have an effect on the adsorbed phase. This relates to the Gibbs criterion 
where pressure effects must be the same in the bulk and adsorbed phases. The 
analogy of LRD 138 which has been shown to exhibit applicability for phase 
changes between vapor and liquid states along the coexistence curve is also 
introduced. Thus the averaged total density of the bulk gas and adsorbed 
phases which decreases with temperature follows a linear function of 







= 𝐴 − 𝐵𝑇 (3.15)  
The expansion coefficient is thus derived to be  
 
𝛼 = 𝑣𝑎 �𝐵 − 𝛼𝑔𝑣𝑔� (3.16)  
The numerical coefficients of the adsorption process are fitted utilizing the 
collated experimental data and is found to have overall regression deviations 
within 5 % and are tabulated in Table 3.5. The improved regressed graphs are 
depicted in Figure 3.15. The comparison in terms of deviation of errors is also 
depicted in Figures 3.16 and 3.17. 
Table 3.5 shows the numerical values of the parameters for the Improved DA 
parameters 
Improved DA Parameters 
(Dubinin’s Model) 
Improved DA Parameters 
(Srinivasan et al’s Model) 
𝒘𝒐 (cm3/g) 1.629 𝒘𝒐 (cm3/g) 1.629 
E (J/mol) 8577 E (J/mol) 8700 
n 1.26 n 1.28 
𝜶 (K-1) 7.75×10-4 A (g/cm3) 0.3586 
  B (gcm-3K-1) 2×10-4 














Figures 3.15 show the final regression of the experimental adsorption 
isotherm data of propane on highly porous activated carbon powder of type 
Maxsorb III regressed with the improved D-A equation with adsorbed phase 
volume correction (dotted lines are from Dubinin’s adsorbed phase volume 




































Figure 3.16 Comparison of adsorption uptake deviations between 
experimental uptake and predicted values using the various models. 
 
 
Figure 3.17 Deviation plots for propane excess adsorption on highly porous 
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3.4 Analysis of Isotherm Data for Practical Applications 
3.4.1 BET Surface Area and Increased Uptake   
It is necessary to refer to previous work on propane + activated carbon 121, 139, 
140 in the current work.  Figure 3.18 presents the isotherms for comparison for 
the adsorption pair at 298.15 K. The activated carbons used by Isabel et al 
(2007) and Rajif and James (2007) have BET surface area of  1342m2/g and 
1215m2/g as compared to a surface area of 3140m2/kg of the highly porous 
activated carbon powder of type Maxsorb III activated carbon used in the 
present work. It is evident from Figure 3.18, that the adsorption uptake of 
propane on highly porous activated carbon powder of type Maxsorb III is thus 
significantly higher, almost propotionately than those obtained by other 
researchers. 
 
Figure 3.18 Comparison of isotherm data for highly porous activated carbon 
powder of type Maxsorb III + propane and different activated carbons + 
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Further, in Table 3.6, the values of the constants obtained from the regressed 
values of 𝑞𝑜, 𝐸 and 𝑛 are compared with previous works on highly porous 
activated carbon powder of type Maxsorb III + Hydrocarbon, namely those of 
Methane and n-Butane and are found to be consistent. The limiting uptakes 𝒒𝒐 
is similar approximately 0.8~0.9 kg/kg. This corresponds to the highest 
volumetric uptake for methane adsorption followed by propane given their 
lower molecular sizes for a given adsorbent, which is the highly porous 
activated carbon powder of type Maxsorb III in this case.  In Figure 3.19, the 
site energy distribution depicts asymmetrical Gaussian functions with methane 
having the highest peak followed by propane and then n-butane. This further 
exhibits the effects of molecular sizes on the surface adsorption characteristics 
of the various hydrocarbon molecules on the activated carbon powder surface. 
Smaller molecules of methane for a given adsorbent surface generate a more 
heterogeneous surface due to their accessibility of smaller-ranged micro-pores 
which could not be accessed by the larger hydrocarbon molecules of propane 
and butane. The FE-SEM photos of the highly porous activated carbon at 
higher magnifications of 19 000  and 200, 000 are shown in Figure 3.20. 
 
Table 3.6 Comparison of regressed values of 𝑞𝑜, 𝐸 and 𝑛 with works on 
highly porous activated carbon powder of type Maxsorb III + Hydrocarbon 
pairs in the Dubinin Astakhov equation. 





 𝒒𝒐 (kg/kg) 0.889 0.9 0.8 
E (J/mol) 5258 8578 11437 






Figure 3.19 Comparison of isotherm data for ACP( highly porous activated 
carbon powder of type Maxsorb III) + Hydrocarbon for Methane 141 (∆), 
propane (◊) and n-butane 142 (□). 
 
  
Figure 3.20 SEM photos of highly porous activated carbon of type Maxsorb 
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3.5 Isosteric Heat of Adsorption 
When gas molecules move into the adsorbed phase, there is a release 
of energy in the form of heat as the refrigerant gaseous phase molecules 
becomes more spatially fixed on the activated carbon inner pore surfaces. The 
ratio of the infinitesimal evolution of heat (δQ) to the infinitesimal change in 
the amount adsorbed (δma) is called the isosteric heat of adsorption (∆Hads). 
The information of energy rejected is important in the kinetic studies because 
when heat is released due to adsorption, the dissipated heat is partially 
absorbed by the solid matrix and partially released to the environment. The 
heat absorbed by the solid matrix increases the adsorbent temperature and it is 
this rise in temperature that greatly affects the rate of adsorption. Thus, uptake 
rates are to a large extent, regulated by the cooling rate of the adsorbent + 
adsorbate system during adsorption. The knowledge of this isosteric heat is 
essential in the study of adsorption kinetics. 
The heats of adsorption, ∆𝐻𝑎𝑑𝑠 is a function of the amount of vapor 
adsorbed, and is determined using the experimental isotherm data with the 
following expression, 134 i.e. 
 
∆𝐻𝑎𝑑𝑠 = −𝑅 𝜕𝑙𝑛𝑃𝜕(1/𝑇)�𝑞 (3.17)  
Substituting in the DA equation,  
 






Figure 3.21 (a) Heat of adsorption as a function of uptake for highly porous 
activated carbon powder of type Maxsorb III + propane system. Colored lines 
represent a fit with a logarithmic equation.  
 
Figure 3.21 (b) Limiting heat of adsorption for highly porous activated carbon 























y = -80.496x + 42665 




















Figures 3.21 (a) and 3.21 (b) show the dependence of the heats of adsorption 
with the relative uptake for the adsorption of propane on the highly porous 
activated carbon powder of type Maxsorb III activated carbon along each 
isotherm. These figures show that there is a general trend in terms of the 
qualitative behavior of these curves.  Fig 3.21 (b) describes ∆Hads which is the 
heat of adsorption at limiting relative loading where qva/Wo=1. One of the 
limitations of the Dubinin Astakhov (D-A) isotherm model is that it is unable 
to describe Henry’s law regime 143 and thus the inaccuracy of the calculated 
values of the isosteric heat of adsorption at very low uptakes below 0.02. The 
limitation of the Tóth isotherm on the other hand does not depict a limiting 
uptake 144 and thus the loading continues to increase as the pressure increase, 
which is not reflective of real adsorption situations. Wang et al. 145 and 
Akkimaradi et al. 144 thus proposed a unique method of linking these two 
isotherm models through Henry’s law coefficients obtained from the Tóth 
isotherm fit and the heats of adsorption obtained from the D-A isotherm at 
limiting uptake. The Tóth equation shows the relation between the Henry's law 








= 𝑞𝑜𝑏𝑜𝑒𝑥𝑝 �ℎ𝑠𝑡𝑅𝑇� (3.19)  
The plot of Hads against kH is shown in Figure 3.22. A best fit trendline to 
these points depicts a logarithmically increasing trend described by the 
equation y = 2151.7ln(x) + 10773. The trend exhibited by the highly porous 
activated carbon powder of type Maxsorb III + propane system is opposite to 
that of nitrogen or methane with activated carbon of type Maxsorb II where 
the isosteric heat of adsorption at limiting uptake showed a decreasing trend 
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instead. This behavior is not unusual since the adsorbates are dissimilar and 
propane is in the sub-critical state. Henry’s law coefficients represent a steep 
increase in the loading at very low pressures.  
An empirical cubic equation relating Hads and kH is given below: 
 ∆𝐻𝑎𝑑𝑠 = 2151.7𝑙𝑛(𝑘𝐻)  +  10773 (3.20)  
The mathematical description of the isotherms which are deduced from 
experiments coupled with other properties such as Henry’s Law coefficients 
and the isosteric heat of adsorption obtained from these isotherms are essential 
information needed for the design of the adsorption systems.   
The practical implications of this detailed analysis with regard to the 
heats of adsorption are as follows. Banker et al. 146, have concluded that in 
thermally driven refrigeration systems, the heats of adsorption is the most 
significant component of heat inventories and severely affects the coefficient 
of performance. During the desorption phase of a thermal compressor 
operation, a large throughput is realized immediately after compression. From 
Figure 3.21 (a), it is observed that as the uptake decreases, the heat of 
adsorption increases. At this juncture, the amount of heating that is required by 
the system gets higher, and needs to be prolonged. Conversely, during the 
adsorption process, it is at the initial phase of the adsorption that requires 
greater and longer cooling. It is with this understanding that the 












Figure 3.22 Relation between kH and hst0. 
 
  
y = 2151.7ln(x) + 10773 




















In this chapter, ACF (A-15), ACF (A-20), Maxsorb III and Chemviron 
activated carbon samples are considered as candidates for the adsorption 
chiller. Its thermophysical properties determined from measurements with the 
AUTOSORB-1 MP microspore analyzer has been compared. Together with 
isotherm measurements at 25 ºC and 75 ºC for these samples, highly porous 
activated carbon powder of type Maxsorb III has been selected on the basis of 
its high micro-porous characteristics which lead to higher uptake values.  
The isotherms measurements of propane by activated carbon powder 
are then measured using constant volume apparatus.  Nine isotherms were 
plotted in the range of (5 to 75)ºC and for pressures up to 800 kPa in order to 
obtain the required data for adsorption refrigeration applications. The data are 
correlated using two isotherm models which are Tóth and Dubinin-Astakhov. 
In the latter model, two adsorbed phase volume corrections were incorporated. 
They are those that are proposed by Dubinin 135 as well as Srinivasan et al. 138.  
The generated isotherms for the activated carbon powder / propane pair 
are compared with previous works of activated carbon/propane. The results 
are consistent in that the propane uptakes increase monotonically with surface 
area. Further, comparison with works of the same adsorbent are compared 
with other hydrocarbons, methane and n-butane and its properties in terms of 
volumetric uptakes and surface heterogeneity as expected depends on their 
respective molecular sizes.  
Finally, the adsorption parameters for all these models had been 
analyzed using the least squares fit regressed to the experimental data. The D-
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A equation was discovered to fit the data closer as compared to the Tóth 
equation as per many of the refrigerant isotherms that were investigated earlier 
147. Further, the adsorbed phase volume corrections of Srinivasan et al yield a 
better fit of the data as compared to that of Dubinin.  Using the clausius-
clayperon equation, the curves of the isosteric heat of adsorption were 
extracted from D-A equation along each isotherm. The heats of adsorption at 




CHAPTER 4: ADSORPTION THERMODYNAMICS OF  




As an adsorbate molecule is adsorbed on an adsorbent surface, the energy of 
the adsorbate molecules is reduced as it becomes more stabilized resulting in a 
phase transformation from gaseous to what is termed as the adsorbed phase 
148.  From a thermodynamic perspective, this phase is distinguishable, but 
there is uncertainty however in the precise location of the phase boundary 149. 
Thus, the adsorbed phase in considered to be a thermodynamic state which is 
dependent on the adsorption uptake (q) in addition to the temperature (Te) and 
pressure (Pe) 148.  Its internal energy, enthalpy, entropy, isosteric adsorption 
and its heat capacity are thermodynamic quantities that are necessary to 
analyze any adsorption system. In this work, the formulations of adsorbed 
phase quantities and its values are researched and determined from the uptake 
data. 
This chapter presents the theoretical framework in which thermodynamic 
quantities of the adsorbent-adsorbate pair including the heats of adsorption, 
specific volume, entropy, heat capacity and enthalpy are developed. This 
framework is developed from the rigor of the statistical theory from a 




4.2 Adsorption Thermodynamics 
4.2.1 Gibbs Free Energy  
Physical adsorption is characterized by the release of heat, moving to a lower, 
more thermodynamically stable energy state and is thus a spontaneous process 
150, 151. During adsorption, the adsorbate molecule is attached to the adsorbent 
surface via Van der Waals forces and thus loses translational degree of 
freedom 152. In its gas phase, the molecule has three degrees of translational 
freedom 153, 154 and two degrees of freedom in the adsorbed phase. Hence, 
adsorption is an exothermic process unless the adsorbed state is characterized 
by a very large additional entropy, such as those attributed to vibrations. This 
is mathematically described by the Gibbs free energy which governs 
thermodynamic systems which are at constant temperature and pressure 155 
[since q=q(P,T)] as follows 
where ∆𝐻𝑎𝑑𝑠 = 𝐻𝑎 − 𝐻𝑔 
The chemical potential of the associated gas and adsorbed phases are defined 
as 156  
 ∆𝐺𝑎𝑑𝑠 = ∆𝐻𝑎𝑑𝑠 − 𝑇∆𝑆𝑎𝑑𝑠 (4.1)  
 
𝜇𝑎 = �𝜕𝐺𝑎𝜕𝑛𝑎�𝑇,𝑃 (4.2)  
 
𝜇𝑔 = �𝜕𝐺𝑔𝜕𝑛𝑔�𝑇,𝑃 (4.3)  
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Following the isothermal assumption in the previous sections, when the 
pressure of the adsorbent-adsorbate system is increased, the number of gas 
molecules in the system has to be increased by dng altering the equilibrium 
state of the adsorbed phase and the gas phase of the adsorbate molecules. 
When this happens, the thermodynamic systems consequently transfers 
molecules toward a lower free energy state until the chemical potential of the 
gas phase and the adsorbed phase are equal. This follows  
 
4.2.2 Adsorbed Phase Entropy (sa) 
Previous works that dealt with adsorbed phase properties has shown that its 
entropy is a function of the temperature (T), pressure (P) as well as the 
adsorbate uptake (q) 118, 119, 157, 158. The total differential of this term (dsa) 
during adsorption from mathematics is thus the addition of the partial change 
in entropy with respect to these three thermodynamic properties. This is 
expressed utilizing the derivatives of 𝜇𝑎 and 𝜇𝑔 which are functions of T, P 
and n (related to the uptake q) expressed as a total derivative as follows 
 






 𝑑𝐺 = �𝜇𝑎 − 𝜇𝑔�𝑑𝑛𝑎 = 0 (4.4)  










where 𝑑𝑛𝑎 = −𝑑𝑛𝑔 , �𝜕𝑆𝑖𝜕𝑛𝑖�𝑃,𝑇 = 𝑠𝑖 and �𝜕𝑉𝑖𝜕𝑛𝑖�𝑃,𝑇 = 𝑣𝑖 . Substituting these into 
equations (4.4) and (4.5) reproduces the classical Clausius-Clayperon 
Equation 153, 159 which is 
 −𝑠𝑎𝑑𝑇 + 𝑣𝑎𝑑𝑃 = −𝑠𝑔𝑑𝑇 + 𝑣𝑔𝑑𝑃 (4.8)  
 𝑑𝑃
𝑑𝑇




Hence the expression of the adsorbed phase entropy along an isostere 
simplifies to 
 
𝑠𝑎 = 𝑠𝑔 − �𝜕𝑃𝜕𝑇�𝑛𝑎 �𝑣𝑔 − 𝑣𝑎� (4.10)  























The expression for the adsorbed phase entropy becomes 
 
𝑠𝑎 = 𝑠𝑔 + 𝑃�𝑣𝑔 − 𝑣𝑎�𝑇 𝑙𝑛𝐾𝑃 (4.13)  
Rudzinski and co-workers70 previously defined 𝜖𝑐 which is a function of the 
adsorbent + adsorbate system’s equilibrium temperature 𝑇, and pressure 𝑃 
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given by −𝑅𝑇𝑙𝑛(𝐾 × 𝑃)  . 𝑅 is the universal gas constant or the Boltzmann 
constant, in 𝐽𝑚𝑜𝑙−1𝐾−1. 𝐾 is described by both 𝑧𝑖 , the molecular particle 
function of the adsorbate gas molecules and 𝜇𝑜
𝑔 , the chemical potential of the 
gas phase at a reference pressure, given by 𝑧𝑖𝑒𝑥𝑝 (𝜇𝑜𝑔/𝑅𝑇). 𝜖𝑐 has been 
incorporated in the homogenous energy-surface model of the Langmuir 
isotherm equation which is then elucidated as 𝑒𝑥 𝑝 �𝜖𝑟
𝑇
� / �1 + 𝑒𝑥 𝑝 �𝜖𝑟
𝑇
�� 
where 𝜖𝑟 is given by (𝜖 − 𝜖𝑐)/𝑅.  The condensation approximation (CA) is 
then invoked so that the averaged surface coverage 𝜃𝑡 of an energetically 
heterogeneous surface could be mathematically described as an integral of the 
adsorption site distribution,  𝜒(𝜖) over the range of the adsorption energies. By 
describing 𝜒(𝜖) with a suitable Gaussian function, several authors have 
successfully re-arrived at the well-known Langmuir-Freundlich, Dubinin-
Astakhov (DA), Dubinin-Radushkevich (DR) and Toth isotherm equations. 
Since the uptake of an adsorbent + adsorbate system is a function of its 
equilibrium temperature 𝑇, and pressure 𝑃, 𝜖𝑐 could thus be regarded as a 
constant along an isostere where its equilibrium pressure 𝑃 and its partial 
derivative 𝜕𝑃/𝜕𝑇 is given by equations (11) and (12) respectively. 
4.2.3 Adsorbed Phase Enthalpy (ha) 
 One of the most important thermodynamic properties that has to be derived in 
modeling the adsorption chiller is the adsorbed phase enthalpy. In the 
derivation of this quantity, it is found in previous authors that a hfg term exist 
in the final expression 157, 160 when the adsorbed phase is not related to the 
liquid phase nor undergo condensation 161. Further, in the derivation of the 
heat of adsorption, several assumptions were made which is related to firstly 
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the use of the ideal gas equation 162, and secondly the assumptions of the 
adsorbed phase to be liquid, gaseous or much smaller than the gaseous phase 
163-165. Thirdly, there are also assumptions related to the use of the excess 
adsorption from uptake values 147, 166. In this regard, the calculations have to 
include corrections to obtain the absolute uptakes.  The main issue with 
utilizing the ideal gas law is that it approximates the gas molecules to be non-
interacting and occupies inherent volume. In adsorption applications where 
low temperatures and high pressures are desired, both the volume and 
interaction effects become strikingly apparent. Thus non-ideality of the 
adsorbed phase is apparent and could not be ignored. 
The assumptions that surround the derivation in previous works related to the 
change in enthalpy upon adsorption are summarized in Table 4.1. In this 
thesis, we derive from first principles this change of enthalpy incorporating the 
correction to the adsorbed phase volume without the use of the ideal gas law 







Table 4.1 Summary of assumptions in previous works in deriving the 
expression for the change in enthalpy 167 



















































�𝑣𝑔 − 𝑣𝑙𝑖𝑞� 
∆𝐻𝑎𝑑𝑠(𝑛𝑎) = 𝑇 �𝑑𝑃𝑑𝑇�𝑛𝑒 𝜌𝑔−1 




Invoking the Gibb’s free energy equation, the enthalpy of adsorption 168 is 
given as  
 ∆𝐻𝑎𝑑𝑠(𝑛𝑎) = 𝑇∆𝑆𝑎𝑑𝑠 (4.14)  
 ℎ𝑎 − ℎ𝑔 = 𝑇�𝑠𝑎 − 𝑠𝑔� (4.15)  
 
Substituting equation (4.13) into (4.15) 
 ℎ𝑎 = ℎ𝑔 + 𝑃�𝑣𝑔 − 𝑣𝑎�𝑙𝑛𝐾𝑃 (4.16)  
 
In order words, the change in enthalpy of adsorption is given by 
 ∆𝐻𝑎𝑑𝑠(𝑛𝑎) = −𝑃�𝑣𝑔 − 𝑣𝑎�𝑙𝑛𝐾𝑃 (4.17)  
which is a positive term given that  𝑙𝑛𝐾𝑃 is negative. It has also been 
expounded in the previous sections how the adsorbate undergoes a phase 
change from a higher to a lower energy level during adsorption 169. These 
results in a heat release known as the isosteric heat of adsorption. Do (1998) 
defined isosteric heat “as the ratio of the infinitesimal change in the adsorbate 
enthalpy to the infinitesimal change in the amount adsorbed” 170. In general, 
this value is 30% to 100% larger than the adsorbate’s heat of vaporization, 128 
but is much lower as compared to a chemical adsorption process.   
4.2.4 Specific Heat Capacity (cp,a) 
Adsorbed phase is distinct in comparison to liquid and gas phases and thus it is 
necessary to develop mathematical formulations to express the specific heat 
capacity at constant pressure cp,a. Until recently, the adsorbed phase has been 
assumed as the gaseous phase 153 as well as the liquid phase 171. However, 
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there are still several issues with available models in terms of thermodynamic 
consistency. Walton and Levan (2005) highlighted how these values will 
approach negative at high loadings 172. Furthermore, the value of the specific 
heat capacity obtained would vary widely depending on which isotherm model 
is used. Several specific heat capacity models give values equals to the 
reference gas phase heat capacities 173, while others gave that which equals to 
the liquid phase 174. Several other expressions lead to specific heat capacity 
terms always lower the gas phase. Two common expressions with their 
limitations are summarized in the following Table 4.2. 













𝑐𝑝,𝑎 = 𝑐𝑝,𝑔𝑜 − 12𝑅 
• R is the universal gas constant. 
• Adsorbed phase always lower than gas 







𝑐𝑝,𝑎 = 𝑐𝑝,𝑔𝑜 − 𝑑𝑑𝑇 �𝑅𝑇2 𝑑𝑙𝑛𝑃𝑜𝑑𝑇 � 
• Liquid phase heat capacity 
176 
In deriving the specific heat capacity of the adsorbed phase, its definition, 
similar to that for the liquid and gaseous phase along the isoteres as per the 




𝑐𝑝,𝑎 = �𝜕ℎ𝑎𝜕𝑇 �𝑛𝑎 = �𝜕ℎ𝑔𝜕𝑇 �𝑛𝑎 − �𝜕𝐻𝑎𝑑𝑠𝜕𝑇 �𝑛𝑎 (4.18)  
 
From the change in enthalpy derived earlier 
 

















































































































































































































































































































+ 𝑞𝐸𝑟𝑅𝑊𝑜𝐴𝑟−1𝑒𝑥𝑝{−𝐴𝑟} �𝜕𝑣𝑎𝜕𝑇 �𝑇
≈ −
𝑃







The second terms of both the numerator and the denominator is much smaller 
than its first terms due to the presence of the 𝜕𝑣𝑎
𝜕𝑇
  at constant specific volumes 



















































































































































































�  (4.40)  
 
Finally the expression for the specific heat capacity of the adsorbed phase is 
derived as follows 
 
















With these derived thermodynamic properties, an improved thermodynamic 
framework has been developed. The key difference with the expressions 
utilized by Kazi (2011) is the involvement of the results from statistical 
mechanics which has been able to quantitatively describe the well-known 
Langmuir, Langmuir Freundlich, Dubininin Astakhov, Dubinin-Radushkevich 
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as well as the Toth equations. While employing the same thermodynamic 
definitions, this model offer simplified expressions for isosteric heat, and 
specific heat capacity at constant pressure. The enthalpy and entropy, as 
defined are functions of pressure (P) and uptake (q) is now a calculated with 
respect to the gaseous phase enthalpy and entropy respectively. This has been 
made possible with this model’s consideration that the reference pressure 
depends on both the adsorbent-adsorbate characteristics rather than the 
conventional belief that it is only a function of the adsorbate 70. Furthermore, 
the current study has focused on incorporating the improved adsorbed phase 
specific volume term which is not only a simplified model, but has also been 
found yield improved corrections to the determination of uptake 138.  The 




Table 4.3 Comparative study of the thermodynamic framework of this thesis, 




in present study (2013) 
Thermodynamic 
framework developed 



















𝒗𝒂 = �𝐴 − 𝐵𝑇 − 1𝑣𝑔�−1 𝒗𝒂 = 𝑣𝑏𝑜𝑖𝑙𝑒𝑥𝑝 [𝛼(𝑇 − 𝑇𝑏𝑜𝑖𝑙)] 𝒗𝒂 ≈ 𝑣𝑔 
• This approach is first 
proposed by Srinivasan et al 
(2011) and tested with 
activated carbon pairs which 
yield better description of 
the properties 138. 
• A and B are fitting 
parameters obtained using 
the least squares criteria. 
• This is especially useful for 
fluids with no normal 
boiling point. 




• This volume correction is 
first proposed by Ozawa et 
al (1976) 122. 
• The adsorbed specific 
volume is an estimate based 
on other properties that are 
more accurately evaluated 
using this model.  
• Theoretically involves only 
the adsorbate properties. 
• The adsorbed phase 
specific volume is 
equals to the gaseous 












−𝑃�𝑣𝑔 − 𝑣𝑎�𝑙𝑛𝐾𝑃 


















𝑛� + ℎ𝑓𝑔 
• The adsorbed phase volume 
is considered, and suitable 
for uptakes fitted to any 
isotherm equation with the 
Statistical Rate Theory 
where the adsorbent is 
considered to be 
heterogeneous. 
• The non-ideality of the gas 
phase is not considered 
because the basis of the 
model is that the adsorbed 
phase is regarded to be 
different from the gas phase. 
• The latent heat of 
vaporization term which 
does not appear in this 
equation meant that 
adsorption and condensation 
are distinct phenomena. 
 
• The adsorbed phase volume 
is considered, and suitable 
only for uptakes fitted to the 
Dubinin Astakhov Isotherm 
Equation. 
• The non-ideality of the gas 
phase is not considered 
because the basis of the 
model is that the adsorbed 
phase is regarded to be 
different to the gas phase. 
• The adsorbed phase 
volume is not 
considered, and suitable 
only for uptakes fitted to 
the Dubinin Astakhov 
Isotherm Equation. 
• The third term considers 
the non-ideality of the 
adsorbates at gaseous 
phase which accounts 
for 5-10% higher values 


















= 𝒔𝒈 + 𝑷�𝒗𝒈 − 𝒗𝒂�𝑻 𝒍𝒏𝑲𝑷 














































































• The expression is obtained 
from chemical potential 
balance and invoking the 
Maxwell relations. 
• Statistical theory allows an 
expression that is a 
function of pressure and 
uptake which do not 
appear as differential terms 
due to its definition of 
reference pressure which is 
dependent on the 
adsorbent-adsorbate pair 
rather than just the 
adsorbate. This expression 
is referenced to the pre-
state of the adsorbed phase 
which is the gaseous phase 
𝑠𝑔 . 
 
• The expression is obtained 
from chemical potential 
balance and invoking the 
Maxwell relations. 
• The adsorbed phase specific 
volume is used in the 
derivation and therefore a term 
involving the thermal 
expansion coefficient appears 
in the second term of the 
expression. 
• The expression is obtained 
from chemical potential 
balance and invoking the 
Maxwell relations. 
• The pressure effects are not 
considered as the adsorbed 



























































• The thermodynamic definition of 
adsorbed phase specific heat 
capacity is invoked. 
• Statistical theory, together with the 
improved adsorbed phase volume 
correction allows a simplified 
expression for terms involving the 
specific volume without involving 
the thermal expansion coefficient. 
• Ideal gas assumptions are not 
utilized and thus the isosteric heat 
term is not part of the equation. 
 
 
• The thermodynamic 
definition of adsorbed phase 
specific heat capacity is 
invoked. 
• The adsorbed phase specific 
volume is used in the 
derivation and therefore a 
term involving the thermal 
expansion coefficient 
appears in the second term 
of the expression. 
• The thermodynamic 
definition of adsorbed phase 
specific heat capacity is 
invoked. 
• Functional determinants 
simplified the expression as 
an addition of the specific 
heat capacity of the gas phase 
and a corrective term for the 
adsorbed phase. 
• Specific volume of adsorbed 
phase assumed to be equals to 
gaseous phase. 
• Ideal gas laws are invoked 



















𝒉𝒂 = 𝒉𝒈 +𝑷�𝒗𝒈 − 𝒗𝒂�𝒍𝒏𝑲𝑷 


















































�𝒅𝑻 +� �𝒔𝒈 −𝑯𝒂𝒅𝒔�𝒅𝒒𝒒
𝒐
 
• The expression is 
obtained from the 
Gibbs free energy 
equation. 
• The expression is based 
on the pre-state of the 
molecules prior to 
adsorption which is the 
gas phase rather than 
using the reference 
enthalpy hgo which was 
the presumption in the 
previous models. 
• Both the adsorbed 
phase volume and the 
thermal expansion 
coefficient of adsorbed 
phase are considered 
using the models of 
Srinivasan et al (2011) 
138.  
 
• The expression is obtained 
from the Gibbs free energy 
equation. 
• The adsorbed phase specific 
volume is considered. 
• The expression is obtained 
from the Gibbs free 
energy equation. 
• Adsorbed phase specific 







4.3 Results and Discussion 
4.3.1 Adsorbed Phase Specific Volume 
In Figure 4.1, the adsorbed phase specific volume obtained from the 
experimental data increases exponentially with temperature. This trend agrees 
with the previous methane-activated carbon work of Kazi (2011) 128 which 
also describes well the adsorption uptakes utilizing the Dubinin-Astakhov 
equation 138. In this model, the adsorbed phase is regarded as a separate 
equilibrium phase, other than that of the liquid phase. Hence, pressure effects 
that are significant in pressurized systems such as that of activated 
carbon/propane systems are automatically considered as per the Gibbs 
criterion178. Furthermore, the analogy of LRD 179 which is successfully utilized 
for phase changes along the coexistence curve between vapor and liquid 
phases has similarly been used here.  
The plot shows the increased density of the adsorbed phase as compared to the 
gaseous phase which defines the adsorption process itself. This phenomenon is 
not described by the gas phase volume assumption 180. The liquid phase 
assumption on the other hand gave an underestimate of the adsorbed phase 
volume as expected. Figure 4.3 also presents the previous model with thermal 
expansion, α constant at 0.0025K as proposed by Amankwah and Schwarz 181 









   
Figure 4.1 Temperature dependence of the adsorbed phase specific volume 
(va) in the present model obtained from the experimental data points (∆) 
with the full red line representing the best isotherm fit obtained from the 
modified DA equation. The dotted red line represents the correlation 
utilized by Kazi (2011). The full black line represents the saturated gas 
specific volume at that temperature and the dotted black line the liquid 
phase at saturated temperatures which were both approximations used by 
previous authors. 
  
Lemmon et al (2009) propane gas phase 
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4.3.2 Heat of Adsorption 
The validity of equation 4.17 is verified with the adsorption isotherms of a 
CaCl2-in-silica gel + water system 157 where the Dubinin-Astakhov (D-A) 
model was ued. The characteristic energy E is found to be 306 kJ/kg, 
maximum uptake qo, 1.25 and the heterogeneity constant n is 1.75. The 
isosteric heat of adsorption (Hads) of water vapor on CaCl2-in-silica gel 
calculated from Equation 4.17 is plotted on Figure 4.2 where the isosteric heat 
decreases with uptake. Here, the fitted K values are 6.802×10-9KPa-1 and εo 
43644 J/mol. The experimental data which is measured calometrically is also 
plotted alongside. This phenomenon is a result of the surface structure of the 
silica gel which consists of meso-pores of varying widths. Upon adsorption, 
the water molecules adsorb quickly unto high energy sites, before being 
adsorbed on sites with decreasing energy. The heat released from the change 
in energy of the water molecules is thus much higher at lower uptake values. 
After the smaller pores are occupied, water molecules are now taking up 












Figure 4.2 Calometrically measured isosteric heat of adsorption data with 5% 


























The heat of adsorption (𝐻𝑎𝑑𝑠) for the highly porous activated carbon powder 
of type Maxsorb III + propane pair are calculated using equation 4.17 and 
plotted on Figure 4.3 against the adsorbate loading.  The heat of adsorption 
calculated from the formulations developed by Kazi (2011) 128 is plotted 
alongside for comparison. In both models a similar trend is observed. The 
heats of adsorption logarithmically decreases with an increase in adsorbate 
loading which reaches a limiting value of approximately 18000 Jmol-1 as the 
saturation uptake limit is reached. The formulations obtained in the current 
work, however, has relative ease in terms of numerical computation which is 
necessary for simulation purposes. 
 
 
Figure 4.3 Heat of adsorption (Hads) for highly porous activated carbon 
powder of type Maxsorb III + propane pair drawn against the adsorbate 
loading qva/Wo at the measured isotherm temperatures. The data points are 
calculated from the model of Kazi (2011) while the dotted line is from the 























The isosteric change in enthalpy upon adsorption for the highly porous 
activated carbon powder of type Maxsorb III + propane pair may now be 
plotted for various loadings as shown in Figure 4.4 utilizing equation 4.17. 
Figure 4.5 shows the heats of adsorption for various refrigerants which is a 
useful comparison, especially for adsorption chiller application comparison. 
Banker et al found that the heat of adsorption is the most significant 
component of heat inventories that severely affects the coefficient of 
performance 146. Here, we observe the relatively higher heats of adsorption 
values of hydrocarbons n-butane and propane as compared to the rest of the 
refrigerants at the same temperature of 298K. 
 
Figure 4.4 Heat of adsorption (Hads) plots for for highly porous activated 
carbon powder of type Maxsorb III + propane pair drawn against the 
temperature (T). The full black line represents the heat of vaporization (hfg) 























Figure 4.5 Heat of adsorption (Hads) plots for different refrigerants on 
highly porous activated carbon powder of type Maxsorb III at temperature 
(T) of 298K.  
 
4.3.3 Adsorbed Phase Specific Heat Capacity 
As determined in the earlier formulations, the adsorbed phase specific heat 
capacity (cp,a) is a function of uptake (q), temperature (T) as well as pressure 
(P). The specific heat capacity of the bulk gaseous refrigerant phase (cp,g)  on 
the contrary only depends on the pressure (P) and temperature (T). The 
expression for this has thus been developed in Equation 4.41. The adsorbed 
phase specific heat capacity (cp,a) is plotted against temperature in Figure 4.6. 
These were plotted based on the properties of propane, including the isobaric 
specific heat of the gaseous phase (cp,g)  from the measurements of Lemmon et 
al 24 together with the uptake measurements obtained in this work which gave 






























Figure 4.6 Specific heat capacity of the adsorbed phase (cp,a) of highly porous 
activated carbon powder of type Maxsorb III + propane pair for temperatures 
between 270K to 370K and pressures up to 8 bars. The red lines represent the 
gaseous phase specific heat capacities at the same temperatures and pressures. 
 
Figure 4.7 Isobaric specific heat capacity of the adsorbed phase (cp,a) of 
highly porous activated carbon powder of type Maxsorb III + refrigerant pairs 
for temperatures between 270K to 350K. Pressures correspond to saturated 












































The present formulations as depicted in Figure 4.6 resolved the limitations of 
previous models 172, 177 for adsorption of refrigerants on highly porous 
activated carbon powder of type Maxsorb III in the moderate pressure ranges. 
These include negative values of specific heat capacities as well as specific 
heat capacities of the adsorbed phase being always lower than the isobaric 
specific heat capacities of the gaseous phase. It also represents are more 
realistic model which is dependent of the gaseous phase properties rather than 
that of the saturated liquid.  The adsorbed phase specific heat capacities are 
close to (in terms of trend) but always higher than the specific heat of the 
gaseous phase. As the pressure increases the deviation from the gaseous phase 
also increases. This is attributed to the second term which is dependent on P, 
T, lnkP and the ratio P/T. As pressure increases, the isothermal compression 
effects are more significant resulting in a higher value of (cp,g). This same 
trend is depicted in the adsorbed phase volume of va. 
Figure 4.7 shows the specific heat capacities of the assorted refrigerants at 
constant saturation pressures corresponding to an evaporator temperature of 
0oC. As stipulated by equation 4.41, a minima exist for the isobaric adsorbed 
phase specific heat capacity due to the increasing nature of both the gaseous 
constant pressure cp,g and ∂Hads/∂T with temperature. The former is due to the 
larger number of states and accessible energy levels of rotation of the gaseous 
non-monoatomic refrigerant molecules as temperature increases. At the same 
time, the micro-pore filling model of adsorption stipulates that the molecules 
are initially adsorbed quickly at energetically favorable sites where adsorbent-
adsorbate affinity is high before proceeding to the lower energy sites. When 
the smaller pores are filled completely, the adsorbate gas molecules occupy 
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larger pore sites where attractive forces are much lower. When temperature is 
increased at constant pressure, desorption of molecules occupying lower 
energy sites takes place first before those occupying higher energy sites. 
Hence, the change in isosteric heat per unit temperature increase is expected to 
increase with temperature.  
4.3.4 Adsorbed Phase Entropy and Enthalpy 
Here, the entropy and enthalpy is plotted using equations (4.13) and (4.17) 
respectively on Figure 4.8 and 4.9. The standard of the International Institute 
of Refrigeration (IIR) is used where reference state values of 1 kJ/(kg-K) and 
200 kJ/kg are used for entropy and enthalpy for the saturated liquid at 0°C 182. 
This is also the standard used by ASHRAE for most refrigerants 183. 
 
Figure 4.8 Entropy plots of the adsorbed phase (sa) of highly porous activated 
carbon powder of type Maxsorb III + propane pair for temperatures between 
230K to 370K and pressures up to 8 bars. The black, red dotted and full red 

























Figure 4.9 Enthalpy of the adsorbed phase (ha) of highly porous activated 
carbon powder of type Maxsorb III + propane pair for temperatures between 
230K to 370K and pressures up to 8 bars. The black, red dotted and full red 
lines represent the saturated liquid, adsorbed and gaseous phase respectively. 
 
The location of the adsorbed phase on both the entropy and enthalpy diagram 
may be explained by the diatomic hypothesis 184 where matter are organized in 
pairs.  The fundamental difference between the known solid, liquid, and gas 
phases is their degrees of freedom in terms of translational particle motion.  In 
a solid, the particles do not have any degrees of freedom for translational 
motion.  This is because each direction of motion is occupied by 
intermolecular force (Figure 4.10a). In the liquid phase, two-dimensional 
motion is possible for the particles (Figure 4.10b) and they are still under the 
influence of intermolecular force.  In gas phase, however, all directions of 
motions in space (Figure 4.10c) is possible.  Hence upon adsorption, the gas 
molecule transits from the free gas (with three degrees of translational 
freedom) to the adsorbed film (with two degrees of translational freedom) due 
to the Van der Waals forces from the solid surface and therefore loses 





















sat. adsorbed  
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therefore adequately explains the evolution of heat during the adsorption 
process. 
  
Figure 4.10 Degrees of freedom for translational particle motion in (a) solid 
(b) liquid (c) gas and (d) adsorbed phases. The fundamental difference 
between the adsorbed phase and the liquid phase is the y-directional forces are 






The theoretical framework related to the operation of the pressurized bed 
adsorption chiller, which are the adsorbed phase thermodynamic properties 
have been developed and described in this chapter. These include the specific 
volume of the adsorbed phase, its entropy, enthalpy as well as specific heat 
capacity. The previous models developed by Chakraborty et al (2009) and 
Kazi (2011) has been presented as well to show the relative ease of using the 
new simplified model that uses the results obtained from statistical rate theory. 
Further, the elimination of the ideal gas assumption in the formulation of the 
heats of adsorption improves the accuracy of the adsorbed phase properties. 
An improved model to predict the specific volume of the adsorbed phase 
further provides a better description of the mechanism involved in the 
physiosorption process.  
These thermodynamic quantities are dependent on the properties of the 
temperature, pressure and the adsorption parameters of the specific adsorbent-
adsorbate system. This approach is not limited to pressurized conditions but 
may be extended to vacuum conditions with the appropriate isotherm model. 
Only with these values can the adsorption system be designed with greater 
ease given the simplicity of the equations. 
In this chapter, the quantities have been calculated from the adsorption uptake 
data for the relevant temperatures and pressures in cooling and refrigeration 
applications. In the following chapters, the modeling and simulation of the 
adsorption chiller system will utilize the equations derived in this chapter for 
the adsorbed phase of propane. Thus the analyses that follows is expected to 
predict better the experimental results of the adsorption chiller system. 
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The detailed analysis of the adsorption cooling cycle has previously been 
deliberated by Cacciola and Restuccia 185. Such an analysis is essential in 
choosing an appropriate adsorbent-adsorbate pair for practical applications, 
which takes into consideration the various properties of the pair including its 
physical, thermodynamics and chemical properties as well as their availability 
and costs 186-188. There is however, a lack of such analysis specifically for 
adsorbates in moderately pressurized regions, including those of hydrocarbons 
specifically n-butane and propane which are relatively cheap and plentiful 
alternatives as working fluids 189, 190. In this chapter, thermodynamic analysis 
of the equilibrium adsorption cooling cycle of assorted adsorbates with highly 
porous activated carbon powder of type Maxsorb III will be analyzed. The 
choice of highly porous activated carbon powder of type Maxsorb III as the 
common adsorbent base is its relatively higher BET surface area and thus 
uptakes amongst the other solid activated carbon choices 127, 191-193.   
In a thermally driven solid sorption system, there are three essential 
components that must be present. They are (i) the sorption beds where 
adsorption and desorption take place, (ii) the evaporator and (iii) the 
condenser. As shown in Figure 5.1, the basic processes that the bed undergoes 
are as follows 
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1. First, the beds are confined from both the condenser and the evaporator 
and are cooled by an outer coolant. This is known as the pre-cooling 
switching stage. 
2. Then, adsorption occurs when the valves joining the evaporators to the 
adsorption beds are opened. The adsorbent adsorbs the refrigerant 
vapor from the evaporator resulting in the release of heat which 
continues to be cooled by the external coolant.  
3. The valve to the evaporator is closed and confined from both the 
condenser and the evaporator. The external coolant supply is stopped 
while the external heat source is applied to the sorption bed. As a 
result, there is pressure build-up in the bed. This is known as the pre-
heating switching stage. 
4. Finally, the valve to the condenser is opened and the external heat 
source continues to be applied to the sorption bed resulting in 
refrigerant from the bed to be released to the condenser.   
 
Figure 5.1 Process diagram of a thermally driven adsorption chiller. During 
the regeneration step (bottom), the heat source desorbs the adsorbent at a 
higher temperature, while the released refrigerant is then liquiﬁed in the 
condenser. In the adsorption process (top), the refrigerant is evaporated by 





This ideal AD refrigeration cycle, from the viewpoint of the thermal 
compressor is represented as a Dühring Diagram in Figure 5.2 for the highly 
porous activated carbon powder of type Maxsorb III + propane Pair. These 
were drawn based on the properties of propane 24 as well as its equilibria 
properties obtained and presented in Chapters 3 and 4. It consists of (1) 
isosteric cooling (A–B) (2) isobaric adsorption (B–C), (3) isosteric heating 
(C–D), and (4) isobaric desorption (D–A).  Figure 5.3 shows the 
thermodynamic process of the adsorption highly porous activated carbon 
powder of type Maxsorb III + propane Adsorption cycle. Since the thermal 
compressor is confined  from both the evaporator and condenser during pre-
cooling and pre-heating, both these processes may be assumed to take place 
along a constant uptake q, i.e. an isostere. It is during isosteric cooling (A– B) 
that the temperature of reactor bed initially at TA, which is the highest 
temperature in the cycle, is decreased to TB 180. Similarly, during isosteric 
heating, the temperature of the adsorbent bed is increased from TC to TD by 
external heating. The thermal compressors are assumed to be at constant 
pressure as per previous works 194-197 during both the adsorption (B-C) and 
desorption (D-A) processes following the pressures of the evaporator and 
condenser respectively. Figures 5.4(a) and 5.4(b) shows the configuration of 
the reactor beds during the adsorption and desorption modes respectively. 
Since heat is released during the isobaric adsorption process, while heat is 
removed during the isobaric desorption process, external cooling and heating 
takes place accordingly until the temperature reaches the inlet cold (TC) or hot 





Figures 5.2 shows the Dühring diagram from the regressed D-A equation 
(ABCD represents a refrigeration cycle for a given evaporator/condenser 
pressure) for an adsorption cycle running with propane and highly porous 
activated carbon powder of type Maxsorb III. 
 
Figure 5.3 shows the thermodynamic process of the adsorption of the highly 













































































5.2– Temperature - Enthalpy / Entropy Diagram (T -h, T-s) 
From the formulations developed in the previous chapter, the 
adsorption cycle of any single-stage two bed chillers may also be 
comprehensively represented in both an enthalpy-temperature or entropy-
temperature diagram. Figures 5.5 (a) and 5.5 (b) depicts the enthalpy-
temperature and entropy-temperature plots for the highly porous activated 
carbon powder of type Maxsorb III + propane adsorption pair. In both these 
figures, the solid black line represents the saturated liquid, forming the well-
known saturation dome as it joins with the solid red line on the right hand side 
which represents the saturated gas phase. The inner solid red line on the left 
hand side represents the theoretical adsorbed phase of the refrigerant as the 
pores of solid adsorbent approaches saturation of the refrigerant molecules. 
The dashed black curves on the left hand side of this line illustrate the isosteric 
adsorbed phase properties of the refrigerants at intervals of 0.1 g/g increments 
as it approaches saturation. The green lines represent isobaric properties along 
the condenser pressure while the blue lines are the isobaric properties along 













Figure 5.5 (a) Enthalpy-Temperature (h-T) diagram of the highly porous 
activated carbon powder of type Maxsorb III + propane adsorption cycle 
 
Figure 5.5 (b) Entropy-Temperature (s-T) Diagram of the highly porous 






















From these graphs, one may compute the energetic performances of an 
adsorption refrigeration cycle in terms of enthalpy and entropy flow with 
relative ease. The conventional vapor compression process is represented by 
the cooling cycle 1-2-7-8 . The primary difference of the adsorption chiller is 
that the mechanical compression process 2→7 is replaced with thermal 
compression 2→3→4→5→6→7. During thermal compression, the refrigerant 
in the adsorption/desorption beds exists in two distinct states: (1) adsorbed 
phase and the (2) gaseous phase.  The thermal compression process of the 
adsorbed phase system is represented by the quadrilateral closed loop 3a-4a-
5a-6a superimposed unto both the thermodynamic enthalpy and entropy 
surfaces analogous to the commonly known Dŭhring diagram (Figure 5.2). 
Similarly, the gaseous phase system that coexists in the bed is represented by 
the quadrilateral closed loop 3g-4g-5g-6g. These include the adsorption 
(3→4), pre-heating (4→5), desorption (5→6), and pre-cooling (6→3) 
processes. At every stage both the adsorbed and gaseous phase share the same 
temperature and pressure, but  are energetically different due to the presence 
of Van der Waals forces in the former. 
5.2.1 Adsorption Stage 3 to 4 
At the end of the pre-cooling process, the bed approaches temperatures 
T3 and the valve joining the bed to the evaporator is then opened dropping the 
pressure of the bed from condenser pressure to evaporator pressure. At this 
point, a refrigerant molecule in the evaporator which is initially in saturated 
state ‘1’ moves into the gaseous phase ‘2’ before reaching stage ‘3’ at 
Temperature T3 as it enters the bed. Refrigerant molecules in the bed at this 
stage are either in the gaseous or adsorbed phase. At the same time, isobaric 
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cooling of the reactor bed proceeds till it approaches  temperature T4. It is 
probable for a particular molecule based on its energetic state to get adsorbed 
unto the solid surface of the adsorbent anywhere between stages 3 and 4. This 
adsorption thus simultaneously increases the uptake of the adsorbent from q3 
to q4 (illustrated by the adsorbed phase system state change from 3 to 4).  The 
transition from the gaseous phase to the adsorbed phase is represented in the 
diagrams by the transition example at the beginning (i.e. 3g→3a). In the 
enthalpy diagram of Figure 5.5(a) these transitions (h3a-h3g) coincides with the 
measurable heat of adsorption ∆Hads that are known to be released during the 
exothermic physio-sorption process. 
5.2.2 Isosteric Pre-Heating Stage 4 to 5 
The valve connecting the evaporator to the bed is now closed while hot water 
instead of cold water is circulated in the bed. The isosteric (i.e. constant 
uptake) assumption requires that the pressure increases with the increasing 
temperature in the bed. This transition is represented by orange lines in both 
the adsorbed phase and gaseous phase system.  
5.2.1 Desorption Stage 3 to 4 
At the end of the pre-heating process, the bed approaches temperatures 
T5 and the valve joining the bed to the evaporator is then opened increasing the 
pressure of the bed from evaporator pressure to condenser pressure. As 
expounded previously, refrigerant molecules in the bed at this point are either 
in the gaseous or adsorbed phase. In the meantime, isobaric heating of the bed 
proceeds until it reaches temperature T6. It is probable for a particular 
molecule based on its energetic state to get desorbed out of pore surfaces 
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anywhere between stages 5 and 6. This desorption thus simultaneously 
decreases the uptake of the adsorbent from q5 to q6 (illustrated by the adsorbed 
phase system state change from 5 to 6).This transition from the gaseous phase 
to the adsorbed phase is represented in the diagrams by the transition example 
at the end (i.e. 6a→6g). In the enthalpy diagram of Figure 5.5(a) these 
transitions (h6g-h6a) coincides with the measurable heat of desorption ∆Hdes 
that are known to be removed from the system during the endothermic 
desorption process. Thus gaseous refrigerant molecules in the bed then moves  
into the condenser at the saturated gas state ‘2’ before condensing to saturated 
liquid state ‘8’. The refrigerant is then expanded via an expansion valve back 




5.3 Specific Cooling Effect and COP for the Highly Porous 
Activated Carbon Powder of Type Maxsorb III + Propane Cycle 
An ideal single-staged cycle is first simulated for the evaporator temperature 
of 6.7°C and condenser temperature of 29.4°C in accordance with the ARI 
Standard 560 198. A hot water stream at a temperature of 80°C is supplied from 
a waste heat source, and water from the cooling tower is at a temperature of 
30°C. TA and TC are the thermal compressor bed temperatures of the idealized 
cycle which are determined by the regeneration and cooling water 
temperatures respectively as well as their pressures. TB and TD lies along the 
isostere of TA and TC respectively at their respective pressures, which is the 
evaporator and condenser. Figure 5.6 depicts these given conditions for the 
adsorbent/adsorbate pair. 
 
Figures 5.6 shows the Dühring diagram from the regressed D-A equation 
(ABCD represents a refrigeration cycle for the given evaporator/condenser 
pressure) for an adsorption cycle running with propane as adsorbate and 
highly porous activated carbon powder of type Maxsorb III as adsorbent. The 
HFC134a cycle is drawn alongside to depict its similar operational conditions 




The cooling effect occurs in the evaporator and is generated as a result of 
evaporation from the adsorptive processes occurring in the thermal 
compressor 199, 200. The net cooling effect is thus this amount of heat removed 
as a result of evaporation of the refrigerant minus the heat brought in by the 
liquid refrigerant from the condenser via the u-tube. This mathematically is 
represented by the difference between the specific latent heat as well as the 
energy required to cool down the temperature of the refrigerant from the 
condenser to that of the evaporator 201. Thus, the Specific Cooling Effect 
(SCE) may be calculated using Equation 5.1 as follows 
 
𝑆𝐶𝐸 = (𝑞𝑚𝑎𝑥 − 𝑞𝑚𝑖𝑛) �𝐿𝐻𝑇𝐸 −� 𝐶𝑝𝑟𝑒𝑓𝑑𝑇𝑇𝑐𝑜𝑛𝑑
𝑒𝑣𝑎𝑝
� (5.1)  
 
Figure 5.7 shows the SCE plotted as a function of temperature for propane and 
n-Butane. Propane operates at moderate pressures between 500kPa to 1000kPa 
while n-butane fluctuates between pressurized and vacuum conditions. 
 
Figure 5.7 COP and SCE plotted as a function of temperature for 



































It is appropriate to define a Coefficient of Performance (COP) as the ratio of 
the SCE to the heat input of the system, 𝑄𝐻 as shown in equation (5.2), 
especially in a system where cogeneration with temperature cascading is 




 (5.2)  
A higher 𝑄𝐻 would mean that the waste heat left after the AD Chiller will be 
less useful for the components downstream after the adsorption chiller. 𝑄𝐻 for 
the adsorption (AD) chiller in this case would be the summation of heat added 
to the adsorbent (𝑄𝑎𝑑𝑠) as well as the refrigerant (𝑄𝑎𝑑𝑠), In other words, 
𝑄𝐻  = 𝑄𝑎𝑑𝑠 + 𝑄𝑟𝑒𝑓  where 
 
𝑄𝑎𝑑𝑠  = � 𝐶𝑝𝑎𝑑𝑠𝑑𝑇𝑇𝐴
𝑇𝐶
 (5.3)  
 
𝑄𝑟𝑒𝑓  = 𝑞𝑚𝑎𝑥 � 𝐶𝑝𝑟𝑒𝑓𝑑𝑇𝑇𝐷
𝑇𝐶







In equation (5.3), the𝐶𝑝𝑎𝑑𝑠  value  of highly porous activated carbon powder 
of type Maxsorb III is taken to be 930Jkg-1k-1 as per the other solid activated 
carbon adsorbents 180, 202. 𝑄𝑟𝑒𝑓 consists of three components namely: (i) 
heating during switching from temperatures  𝑇𝐶 to  𝑇𝐷, (ii) heating during 
desorption from temperatures 𝑇𝐴 to 𝑇𝐷 and (iii) heating required due to the 
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endothermic desorption process. 𝑄𝑆𝑇 is calculated from the equilibria uptake 




5.3 Cycle Analysis of Assorted Alternative Adsorption Pairs 
The highly porous activated carbon powder of type Maxsorb III + propane 
cycle in this section is analyzed alongside other moderately pressurized 
refrigerants when paired with the highly porous activated carbon powder of 
type Maxsorb III as well for the different cooling requirement which is related 
to the evaporator conditions. Figure 5.8 depicts that at a given condenser and 
evaporator temperature, the maximum change in enthalpy of the working fluid 
depends on its saturated liquid enthalpy entering the evaporator from the 
condenser and the saturated vapor enthalpy leaving the evaporator toward the 
evaporator. This is calculated as ∆hev given by 
 ∆ℎ𝑒𝑣  = ℎ𝑔�𝑇𝑒𝑣𝑎𝑝 − ℎ𝑓�𝑇𝑐𝑜𝑛𝑑  (5.5)  
 
 
Figure 5.8 Schematic of the maximum enthalpy change of working fluid in 
the evaporator for a condenser temperature of 40°C and an evaporator 
temperature of 5°C. 
The author previously published the adsorption uptakes of R134-a and R507-
a, obtained from excess adsorption experimental data 147. These data were 
originally fitted with the DA equation and are reanalyzed to take into account 
the adsorbed phase volume correction.  The R-32 isotherm data is obtained 
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from the work of Al-Askalany et al2. These were tabulated alongside the 
propane isotherm results obtained in the Chapter 2. The fitted parameters are 
appended in Table 5.1. Figures 5.9(a), 5.9(b) and 5.9(c) show the uptake 
profiles of the assorted pairs in the various operational ranges. It is observed 
that the difference in uptake, ∆q is much smaller for propane as compared to 
the other refrigerants.  
Table 5.1 Fitted Parameters of the modified DA equation for the assorted 
refrigerants 
 Propane  R-32 R134a R507a  
W0/cm3·g-1 3.33 4.05 1.506 0.708 
E/J·mol-1 8700 3939 7332 7547 
n  1.28 1.15 1.28 1.36 
A/kg·m -3 0.358 0 1.626 3.57 
103·B / g. cm -3·K-1 0.278 - 1.546 0.4354 2.12 




                                                          
2 Unpublished data of Ahmed A. Askalany, Kutub Uddin, Bidyut B. Saha, Takahiko Miyzaki, 










Figure 5.9(a) – 5.9(c) Operating profiles for propane, R-507A, R32 and 
R134a with adsorbent highly porous activated carbon powder of type Maxsorb 
III at 5°C evaporator temperature and 40°C (5.9(a)), 20°C (5.9(b)) and -5°C 




5.3.1 Uptake Efficiency 
Further, the uptake efficiency ηu is considered, which ensures that ηu is greater 
than 0 for the system to be operationally feasible. The uptake efficiency 
considers the void volume of the thermal compressor which is a function of 
the packing density ρeff, the density of the adsorbent ρs as well as the density of 
the refrigerant at the lower and upper uptake limits, ρd and ρb respectively 136. 
 
𝜂𝑢 = 1 − 𝜌𝑑 − 𝜌𝑏(𝐶𝑑 − 𝐶𝑏)� 1𝜌𝑒𝑓𝑓 − 1𝜌𝑠� (5.6)  
 
The amount of cooling in kJ provided by the system per kg of adsorbent at 
various evaporator temperatures may thus be calculated as 
 𝑄𝑐 = 𝜂𝑢(Δ𝐶)∆ℎ𝑒𝑣 (5.7)  
 
These  has been plotted and as shown in Figures 5.10(a), 5.10(b) and 5.10(c)  
for cooling water temperatures 30°C, 40°C and 50°C respectively at a 
regeneration temperature of 90°C. Further the effects of regeneration 
temperatures on the  cooling performance has also been compared in Figures 
5.11(a), 5.11(b) and 5.11(c)  for regeneration temperatures of 100°C, 90°C and 









Figure 5.10(a), 5.10(b) and 5.10(c) the effect of cooling water temperatures 
on the cooling (kJ) per kg of adsorbent of the refrigerants for cooling water 













































































































Figure 5.11(a), 5.11(b) and 5.11(b)  the effect of regeneration water 
temperatures on the cooling (kJ) per kg of adsorbent of the refrigerants for 


































































































The selection of the pair to be used for cooling thus depends on the required 
evaporator temperatures, as well as the cooling water and regeneration 
temperatures. The regeneration temperatures in turn, depend on the 
characteristics of the waste heat available. It is thus useful to represent the 
selection of refrigerants on a chart which fully describes the best pair for a 
specified waste heat available, the evaporator temperatures required and the 
temperature of cooling water. These are based on the highest cooling pair for 
the case where the adsorption is downstream in a cascaded waste heat 
recovery. The maximum cooling is considered in instead of COP since a 
system with the adsorption chiller at the most downstream end of a waste heat 
recovery plant is considered. In this case, the heat is ‘thrown away’ after the 
adsorption chiller. These charts are shown in Figures 5.12(a), 5.12(b) and 





















Figure 5.12 (a), 5.12 (b) and 5.12 (c) show the choice of refrigerant to be 
selected for a given regenerating temperature (between 80°C and 100°C), and 











































Further, the actual cooling provided by the refrigerants at these various 
operating points can be represented as shown in Figure 5.6. 
 
 
Figure 5.13 Description of the cooling load provided by the refrigerant pairs 
at various operating conditions. Each line represents the specific regeneration 





The temperature enthalpy (T-s) and temperature-entropy diagrams for the 
highly porous activated carbon powder of type Maxsorb III + propane are 
successfully drawn from the fundamental adsorption characteristic equation, 
describing the adsorption refrigeration cycle. These relations have been 
developed in the previous chapter. 
Four activated carbon/refrigerant pairs, which are the highly porous activated 
carbon powder of type Maxsorb III with propane, HFC-134a, R-507a and R-
32, have been analyzed for the performance based on an ideal thermally driven 
adsorption cooling cycle operating at operating pressures above ambient. The 
salient result of the present study is as follows: 
(a) The specific cooling effect increases with the required 
evaporating temperature and regenerating temperatures. It 
however decreases with increasing ambient temperatures due to 
the higher-temperature cold reservoir available to the system. 
(b) At higher required chilling temperatures and lower ambient 
temperatures, R-32 is preferred with higher specific cooling 
capacities. 
(c) At low required chilling temperatures and higher ambient 
temperatures, propane is preferred. In the following chapters, 
the analysis of highly porous activated carbon powder of type 
Maxsorb III + propane pair will be further studied for two 
reasons. Firstly, due to its possible applications in high-
temperature localities for example arid regions and secondly 
 151 
 
the ability to provide low-temperature cooling utilizing low 




CHAPTER 6: ADSORPTION KINETICS OF PROPANE 
VAPOUR ON ACTIVATED CARBON 
 
6.1 Background 
The adsorption kinetics data of the adsorption pair is required, alongside the 
adsorption isotherms information to adequately design an adsorption system 
203-205. The transport rate of the propane vapor molecules unto the activated 
carbon adsorbent is a function of the adsorbate fluid bulk phase concentration, 
adsorbent shape as well as the structure of its pores and surfaces 206. The mass 
transport rate needs to be represented mathematically for the diffusion and 
adsorption process. The adsorption kinetics therefore allows a more accurate 
understanding of the performance of a particular adsorbent-adsorbate pair. 
During adsorption, the adsorbate molecules enter the interior of the adsorbent 
through the interlinked pore network 207. The rate at which this process occurs 
is is governed by firstly, the characteristics of the porous structure of the 
adsorbent and secondly the conditions in which adsorption occurs including 
the concentration of the bulk medium and its temperature 208. In activated 
carbons for example, it is found to have a bi-dispersed pore structure where 
the macro-pores function as pathways in which an adsorbate molecule will 
penetrate toward the micro-pores. In this case, the adsorption rate is related to 
both these pore networks and is described by the overall diffusion properties 
209. Since the performance of the adsorption chiller which is an adsorption 
system, depends on both the capacity of the adsorbent to adsorb as well as its 
rate, the adsorption kinetics is a critical data to be measured. 
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This measurement is often measured volumetrically or gravimetrically and is 
commonly described by the “pseudo-first order model” or the “linear driving 
force (LDF) model” 210 where the necessary parameters are determined 
through regression. 
The Linear Driving Force (LDF) approach has previously been adopted to 
represent the uptake curves as a function of time. However, the constant ksav 
in this model has been shown to be subjected to the effects of both temperature 
and pressure differences. The temperature effects are thus attributed to the 
sudden compression effects during charging as well as the isosteric heat 
released. As such, Loh et al (2012) 211 introduced an equation which considers 
the non-isothermal influences on the adsorption kinetics of assorted adsorbates 
on highly porous activated carbon powder of type Maxsorb III activated 
carbon using a Constant volume variable pressure (CVVP) experiment. El-
Sharkawy et al 212 on the other hand identified the effects of pressure 
differences.  
In this chapter, the kinetics of highly porous activated carbon powder of type 
Maxsorb III + propane pair is first measured using a thermal-gravimetric 
approach by utilizing a magnetic suspension balance. The statistical rate 
theory model of Rudzinski et al which has previously been extended to 
describe the kinetics process of heterogeneous systems 70, is used to 
mathematically describe the adsorption rate of propane on highly porous 
activated carbon powder of type Maxsorb III. Further, the results are 
simplified for computational ease by introducing a non-isothermal LDF model 




6.2 Adsorption Kinetics Model 
In Chapter 2, the fundamental probability of adsorption equation (2.1) from 
which all the isotherms were derived involved  𝐾e which is the rate, per unit 
time for the system to transit from any quantum state to another in a different 
particle configuration (eg. from αv4 to αu5 of Figure 2.1). This could be 
broken down further as a product of three factors  which will determine 
whether or not adsorption will actually occur 213, 214. They are: 
1. 𝑣e  : the equilibrium collision frequency of molecules in the gas 
with solid surface 
2. 𝐴𝑒𝑓𝑓  : area of available adsorption per site. 
3. 𝜉 : probability that a molecule striking  an available adsorption 
site will adsorb 
It is mathematically expressed as 
𝑣e on the other hand may be found from the Maxwellian velocity distribution, 
where 𝑀𝑟 is the molecular mass, and 𝑇𝑒 and 𝑃𝑒 are the equilibrium temperature 
and pressure respectively. Since 𝑁𝑎 molecules are adsorbed in 𝑆𝑜 sites, while 
𝑎𝜎 is the area of an individual adsorption site, the area 𝐴𝑒𝑓𝑓  of available 
adsorption is given as 
 𝐾e = 𝑣e𝐴𝑒𝑓𝑓𝜉 (6.1)  
 
𝑣e = 𝑃𝑒
�2Π𝑀𝑟𝑅𝑇𝑒 (6.2)  




where 𝐾gs = 𝑆𝑜𝑎𝜎𝜉�2Π𝑚𝑘𝑇𝑒  
Substituting equation (6.4) into equation (2.57), the kinetics of a localized 
adsorption site is obtained: 





𝐾e = � 𝑃𝑒
�2Π𝑚𝑘𝑇𝑒� ⌊𝑆𝑜𝑎𝜎(1 − 𝜃)⌋𝜉 = 𝐾gs𝑃𝑒(1 − 𝜃) (6.4)  
 𝑑𝜃
𝑑𝑡










𝐾a = 𝐾gs𝑧𝑖0𝑒𝑥𝑝𝜇0𝑔𝑅𝑇 (6.6)  
 
𝐾d = 𝐾gs𝑧𝑖0 𝑒𝑥𝑝−𝜇0𝑔𝑅𝑇 (6.7)  
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= 𝐾a𝑃2 (1 − 𝜃)2𝜃 𝑒𝑥𝑝𝜖 𝑅𝑇� − 𝐾d𝜃𝑒𝑥𝑝−𝜖 𝑅𝑇�  (6.8)  
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6.2.1 General rate Expression for Langmuir model of Adsorption 
 
 
From equation (6.8), and given that when 𝜖 = 𝜖𝑐, 𝜃 = 1 2�  , 
 
Since system is running at quasi-equilibrium, from equation (2.70) and using 
quotient rule, 
 

































= 12𝐾a𝑃2𝑒𝑥𝑝𝜖𝑐 𝑅𝑇� − 12𝐾d𝑒𝑥𝑝−𝜖𝑐 𝑅𝑇�  (6.11)  
 �𝜕𝜃
𝜕𝜖�𝜖=𝜖𝑐  
= � 1𝑅𝑇�1 + 𝑒𝑥𝑝𝜖− 𝜖𝑐𝑅𝑇 �𝑒𝑥𝑝𝜖− 𝜖𝑐𝑅𝑇 − 1𝑅𝑇𝑒𝑥𝑝𝜖− 𝜖𝑐𝑅𝑇


















From equation (6.9) 
 
In Chapter 3, the best fit for the uptake values for the highly porous activated 
carbon powder of type Maxsorb III + propane pair is concluded to be the 
Dubinin-Astakhov equation (2.76). Rearranging, 















= �𝜒(𝜖𝑐) × 𝑑𝜖𝑑𝑡�𝜖=𝜖𝑐= 2𝑅𝑇𝜒(𝜖𝑐) �𝐾a𝑃2𝑒𝑥𝑝𝜖𝑐 𝑅𝑇�
− 𝐾d𝑒𝑥𝑝
−𝜖𝑐 𝑅𝑇� � 
(6.15)  
 
𝜃𝑡   = 𝑒𝑥𝑝 �− �1𝐸 �𝑅𝑇𝑙𝑛𝑒𝑥𝑝�𝜖0 𝑅𝑇� � − 𝑅𝑇𝑙𝑛𝐾𝑝��𝑟� (6.16)  
 
𝜃𝑡   = 𝑒𝑥𝑝 �− �1𝐸 (𝜖𝑐 − 𝜖0)�𝑟� (6.17)  
 𝜖𝑐(𝜃𝑡)  = 𝐸[−𝑙𝑛(𝜃𝑡)]1 𝑟� + 𝜖0  (6.18)  
 𝜕𝜃𝑡
𝜕𝜖
 = 𝜒𝑐(𝜖) = 𝑟𝐸𝑟 (𝜖𝑐



















      = 2𝑅𝑇𝜒(𝜖𝑐) �𝐾a𝑃2𝑒𝑥𝑝𝜖𝑐 𝑅𝑇� − 𝐾d𝑒𝑥𝑝−𝜖𝑐 𝑅𝑇� � 
      = 2𝑅𝑇 𝑟
𝐸
�−𝑙𝑛(𝜃𝑡)�𝑟−1𝑟 𝜃𝑡 


















        = 2𝑅𝑇 𝑟
𝐸
�−𝑙𝑛(𝜃𝑡)�𝑟−1𝑟 𝜃𝑡 























(6.21)   
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Solving the differential equation with boundary conditions 𝜃𝑡 = 0 70, 
Or in another form 70 
 
6.2.2 Non-Isothermal Linear Driving Force Model 
The LDF model stipulates that the adsorption rate of adsorbate molecules by 
the adsorbent is linearly proportional to the difference between the equilibrium 
uptake (𝑞∗) and the instantaneous uptake (𝑞). This is also known as the Lump  
parameter model   ( LPM ) 120 . 
 𝑑𝑞�
𝑑𝑡
= 𝑘𝑠𝑎𝑣[𝑞∗ − 𝑞(𝑡)] (6.24)  
where 𝑘𝑠𝑎𝑣 denotes the effective particle-phase transfer coefficient as a 
function of adsorbate concentration.  The LDF model describes the kinetics of 
adsorption well as it takes the mean average of the kinetic properties at all 
levels: (1) the overall cycle equilibrium, (2) the individual particles and (3) the 
entire column (vertically and radially)210. Thus, the integration process 
inherent in the model eliminates the features of local adsorption which is not 
required in the design process of a small-scale adsorption chiller system. The 
mass transfer term is then simply expressed as a function of a driving force, 










𝑅𝑇𝑡𝑎𝑛ℎ�2𝑝�𝐾a𝐾d𝑡���𝑟�  (6.22)  
 𝜃𝑡 = 𝑒𝑥𝑝 �−�−𝑅𝑇𝐸 𝑙𝑛 �𝐾𝑝𝑒𝑥𝑝𝜖0𝑅𝑇𝑡𝑎𝑛ℎ�2𝑝𝐾𝑔𝑠𝑡���𝑟�  (6.23)  
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The approach undertaken by Sircar 218 has been adopted and the expression of 





= ∆𝐻𝑎𝑑𝑠 𝑑𝑞𝑑𝑡 − 𝑈𝐴(𝑇 − 𝑇𝑜) (6.25)  
 
The initial and final conditions are  
 at  𝑡 = 0, 𝑞 = 𝑞𝑜, 𝑇 = 𝑇𝑜 (6.26)  
 at  𝑡 = ∞, 𝑞 = 𝑞∗, 𝑇 = 𝑇𝑜 (6.27)  
where 𝑞𝑜 = 𝑞𝑜∗(𝑝𝑜 ,𝑇𝑜),  𝑞∞ = 𝑞∞∗ (𝑝∞,𝑇∞),  𝑞 = 𝑞∗(𝑝,𝑇) (6.28)  
𝑞𝑜 and 𝑞∞ are the equilibrium uptakes at the beginning and  the end 
conditions. 𝑇 is the instantaneous temperature of the surrounding gas medium 
at a given time t while 𝑇𝑜 and 𝑇∞ are the temperatures at the beginning and the 
end of the adsorption. 𝑐𝑝 is the heat capacity of the activated carbon, while 𝑈 
is the effective heat transfer coefficient. 𝐴 is the effective heat transfer area. 
∆𝐻𝑎𝑑𝑠 on the other hand is the isosteric heat of adsorption. The experiment is 
a step test where the variation in the uptakes and temperature are considered to 
be small. 𝑞∗ thus may can be written as 









Equation (6.24), (6.25) and (6.29) may be solved simultaneously to give 218  
  𝑞 − 𝑞𝑜
𝑞∞ − 𝑞𝑜
















𝑞=𝑞∞,𝑇=𝑇𝑜 (6.32)  
 








6.3 Experimental Method for Kinetics Measurement 
A high-accuracy magnetic suspension balance (Rubotherm) is utilized to 
determine the instantaneous uptake of the adsorbent. The principle of the set-
up is based on the gravimetric method. The schematic is depicted in Figure 
6.1. This balance of resolution 0.01mg measures the weight of samples of 
maximum 25 g with a reproducibility of ±0.03 mg 219.The suspension balance 
is characterized by its measurement stability for long periods of time since it is 
not placed within the measuring cell environment and therefore do not have 
any interactions with the adsorbate vapor. This unit allows for continuous data 
readout which is obtained using a Personal Computer (PC). A class-A Pt 100Ω 
RTD with estimated uncertainty of ±0.15K is placed below the sample holder 
to determine the adsorption temperature in-situ. The temperature control unit 
which can maintain a temperature of up to 150°C consists of the Jumo Imago 
500, relays, thyristor and power circuit breaker in a 19 inch slide-in unit. The 
rear section of this unit contains connection ports to the electric heater and 
temperature sensors which controls the temperature of the adsorption chamber.  
A separate dosing system to the chamber is installed to serve the requirements 
of this work. This is because the heater control only allows for temperatures 
above 50°C. The water circulator unit (HAAKE F8-C35) is thus used to 
regulate the pre-selected temperature by utilizing the in-built fuzzy logic 
control (Thermo Haake FuzzyStar®). The thermal bath may be maintained 
from 278.15 K to 368.15 K with an uncertainty of ±0.01 K. It circulates water 
around the adsorption chamber. Further, a pressure regulator is placed between 
the gas tanks and the adsorption chamber. The pressure regulator controls the 
chamber pressure by the pneumatically actuated electronic pressure regulator 
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(Emerson-Tescom ER3000). The pneumatically actuated pressure regulator 
has a maximum flow coefficient of 45 and is capable of regulating pressures 
from sub-atmospheric to 20,000 psi.  The micro-controller of the ER3000 
executes an algorithm (digital PID) to fix the required pressure. Propane gas is 
then injected into the dome regulator through a modulating control valve 
(pulse width) from the inlet pipe. The pressure transducer which is mounted 
downstream at the outlet compares with the set pressure every 25 
milliseconds. The ER3000 opens its inlet valve when the feedback pressure is 
lower than set. The dome gets loaded, and the main valve is opened until the 
feedback pressure equalizes with the set pressure. Conversely, when the 
feedback pressure is greater than the set pressure, the gas is released through 
the exhaust until it is equals to the set pressure.  
Two pressure transducers (Kyowa-PGS-50KA) with uncertainty 0.1% of the 
full scale are also installed to the modified dosing section. These pressure 
readouts were scanned using an Agilent data logger every second, allowing a 
real-time recording of the uptake. Before the kinetics measurements 
commences the chamber and the pipes were evacuated for 8-10 hours at a 
regeneration temperature of 120°C and a vacuum level of 0.5 mbar. This 
allows degassing of any adsorbed gases whilst preventing charring of the 




Helium is also continually loaded and then removed from the system to 
enhance its evacuation processes and gas removal. After evacuation, the 
adsorption chamber is maintained to the desired temperature either by the 
water circulatory system or the heater while being isolated from the dosing 
side. When the temperature is stabilized, the dosing section is loaded with 
propane from the tank before the electronic controller is actuated to charge the 
evacuated adsorption chamber to the desired pressure. After each adsorption 
experiment, the adsorption chamber is isolated and the evacuation process is 
repeated. The adsorption experiment is repeated for different temperatures up 
to 70°C and pressures below saturation to avoid condensation in the capillary. 
The pictorial view of the adsorption kinetics set-up is depicted in Figure 6.2. 
 
6.3.1 Materials 
Pitch-based activated carbon, highly porous activated carbon powder of type 
Maxsorb III (by Kansai Coke Company, Japan) is utilized with pure propane; 
purity 99.5% is utilized as per the preceding isotherm chapter. The values of 
derived quantities are extracted from NIST (REFPROP) extracted from the 












Figure 6.1 Schematics diagram for Rubotherm unit (MessPro) 
 
 




6.4 Determination of the Particle-Phase Transfer Coefficient  
6.4.1 Buoyancy Corrections 
The buoyancy forces are considered to eliminate the effects of the surrounding 
refrigerant density on the apparent mass of the adsorbent. The volumetric 
displacement of the refrigerant by the activated carbon, the adsorbent 
container and the adsorbed phase of the refrigerant are taken into account. The 
buoyancy effects attributed to the adsorbent container is determined by 
carrying out blank experiments at varied pressures with the empty container. 
The corrections needed for the solid skeletal grid of the activated carbon, on 
the other hand, is taken to be affected by the skeletal volume of the activated 
carbon multiplied by the refrigerant gas density. The buoyancy effects caused 
by the adsorbed phase of the refrigerant are taken into account to finally 
calculate the absolute adsorption uptake values. 
The mass, m, read out from the suspension balance is the net force calculated 
as: 
 
𝑚 = 𝑚ℎ �1 − 𝜌𝑔 𝜌ℎ� �                                        
+ 𝑚𝑠 �1 − 𝜌𝑔 𝜌𝑠� + 𝑞 �1 − 𝜌𝑔 𝜌𝑎� �� (6.35)  
In this equation, mh and ρh are the mass and density of the sample container 
while ms and ρs are the mass and the skeletal density of the activated carbon. 
ρg and ρa are the density of the adsorbate gaseous and adsorbed phases 
respectively at equilibrium pressure and temperature. 
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Blank experiments with the empty container will yield the mass as well as the 
density of the sample container from the slope and the intercept of the 
apparent mass measured as follows 
 𝑚 = 𝑚ℎ −𝑚𝑔𝜌ℎ 𝜌𝑔 (6.36)  
The density (ρg) of Nitrogen gas is obtained using values from REFPROP. 
Experiments were carried out utilizing helium which is a non-adsorbing gas. 
These were carried out at high temperatures of 120°C to avoid any form of 
adsorption unto the pore sites. The slope and intercept from the apparent mass 
measurements together with the data from equation (2) will yield the mass 
(ms) and density (ρs) of the adsorbent loaded respectively:  
  
𝑚 −𝑚ℎ �1 − 𝜌𝑔 𝜌ℎ� � = 𝑚𝑠 −𝑚𝑠 𝜌𝑠 � × 𝜌𝑔 (6.37)  
Helium thus is considered to be inert and the molecules reach through every 
available pore volume of the adsorbent and are not bonded to the adsorbent. 
The uptake q may now be determined as follows: 
 
𝑚𝑠𝑞 �1 − 𝜌𝑔 𝜌𝑎� � 
               = 𝑚 −𝑚ℎ �1 − 𝜌𝑔 𝜌ℎ� � −𝑚𝑠 �1 − 𝜌𝑔 𝜌𝑠� � 
(6.38)  
The value of the adsorbed phase density ρa is estimated using the relations 
developed in Chapter 4.  
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6.5 Results and Discussion 
6.5.1 Blank measurements and Buoyancy Corrections  
The blank measurements with Nitrogen gas at different densities gave a good 
straight line fit as shown in Figure 6.3 to obtain an empty cylinder mass of 
4.4989g and density of 8282kg/m3.  The buoyancy measurements on the other 
hand were carried out with inert Helium gas at a high temperature of 120°C 
with different pressures to achieve the desired densities. These buoyancy 
measurements as shown in Figure 6.4 gave a density of 2.2g/cm3 for the 
highly porous activated carbon powder of type Maxsorb III activated carbon 
and a mass of 0.1547g of solid adsorbent in the testing chamber.  
 
Figure 6.3 Blank measurements of the empty cylinder with nitrogen gas with 


















Figure 6.4 Buoyancy measurements of the empty cylinder with helium gas at 
high temperature of 120°C with 0.001% error bars.  
 
  6.5.2 Adsorption measurements of propane on Activated Carbon  
The kinetics tests are carried out at 10°C, 30°C, 50°C and 70°C which are 
within the thermal compressor operational range and at pressures up to 800kPa 
to avoid condensation of the propane refrigerant gas in the capillary. Figure 
6.5 shows the representative pressure and temperature profiles in the chamber 
while adsorption is taking place. It takes between 10-15 seconds for the 
ER3000 to stabilize the pressure within the chamber to the desired pressure, as 
the temperature varies minimally between 1-2°C due to the heats of adsorption 
with the effective water circulation system.  




















Fig 6.5 Adsorption Cell Pressure (kPa) and Temperature (°C) against 
Time (s) during a typical adsorption process in the kinetics experiment 
 
With the density of the empty cylinder and the activated carbon, as well as the 
y-intercepts, the uptake, q may now be calculated using Equation (6.38) from 
the weight logged by the Messpro software over the adsorption time.  These 
uptake curves against time are plotted for the various temperatures and 
pressures in Figures 6.6, 6.7 and 6.8.  
 
From the isotherm data, E, r, and qo and have been found to be 8331 J·mol-1, 
1.50 and 0.85 respectively. εo and K are determined from the saturation curves 
of propane of Lemmon et al 24 which are 19000 J·mol-1, and 4.95×10-7kPa-1 
respectively. Simultaneous regressions using these curves allow us to obtain 
the various values of Kgs. The first 15 seconds of the adsorption process is 









































phase of adsorption. These are tabulated in Table 6.1 for the different 
equilibrium pressures and temperatures. The instantaneous uptake was found 
to follow the statistical model with good agreement.  
 
Table 6.1 Regressed values for the Kgs term of equation (6.23) 
 Run T (K) P(kPa) Kgs Kgs.P 
1 282.30 192 5.97E-06 1.15E-03 
2 284.11 497 2.57E-06 1.28E-03 
3 302.41 195 8.78E-06 1.71E-03 
4 302.04 497 2.93E-06 1.45E-03 
5 301.75 700 2.44E-06 1.71E-03 
6 323.03 701 2.38E-06 1.67E-03 
8 323.17 196 8.77E-06 1.72E-03 
9 342.91 195 8.93E-06 1.74E-03 
10 343.23 499 4.30E-06 2.14E-03 








Figure 6.6 Uptake versus time for the highly porous activated carbon powder 
of type Maxsorb III + propane pair, for temperatures 283.16K and 303.16K, --
-- denotes the fitted curves from the regression made on the experimental 





































Figure 6.7 Uptake versus time for the highly porous activated carbon powder 
of type Maxsorb III + propane pair for 323.16K, ---- denotes the fitted curves 
from the regression made on the experimental results in logarithmic scale (top) 



























Figure 6.8 Uptake versus time for the highly porous activated carbon powder 
of type Maxsorb III + propane pair for 343K, ---- denotes the fitted curves 
from the regression made on the experimental results in logarithmic scale (top) 



























The Kgs·P values are plotted against temperature in Figure 6.9. The Kgs term is 
the rate of exchange between the adsorbed and gaseous phase. It has been 
discussed in detail in Chapter 2 to be a function of the steady-state 
temperature. The exact relation involves the relation of temperature on the (i) 
mean free path of the molecule, λ, as well as (ii) the probability that a propane 
molecule which hits a site will actually adsorb. In Figure 6.8, the combined 
contributions of the individual effects to the KgsP term as a function of 
temperature is a best fit straight line passing through the origin.  This is given 
by the equation (5.24×10-5) T which is within 10% of experimental error, valid 
for the temperatures of the adsorption bed from 308.15K to 343K but exhibits 
a larger error at lower values. The equation is suitable for the operational 
ranges of the adsorption bed. 
 
Figure 6.9 Kgs·P values for the various adsorption processes plotted against 
temperature with 10% error bars. The straight line represents the equation 
Kgs·P = (5.24×10-5) T for temperatures from 283K to 343K where the kinetics 















6.5.3 Deviation of Equilibrium Uptakes with Constant Volume Isotherm 
Experiment   
The equilibrium uptakes from the experimental data obtained from the 
gravimetric is compared with the data obtained through the volumetric metric 
method presented in Chapter 2. The deviation plot of Figure 6.10 suggests that 
the discrepancies between these two methods are less than 6%. While both 
methods suffer from errors associated to temperature and pressure 
measurements (which heavily depends on the sensors used), the constant 
volume variable pressure method is highly dependent upon the mass 
determination of the gas phase before and after adsorption. This in turn 
heavily relies on the accuracy of the derived densities which in our case is 
obtained from NIST REFPROP. Furthermore, any leakage occurring in the 
chambers and capillary as well as unaccounted void spaces will further 
aggravate its accuracy. There are also uncertainties in the measured volume 
related to the helium expansion procedure. 
 
Fig 6.10 Deviation plots between current equilibrium uptake and those 




























While it appears that gravimetric method is more reliable, it suffers from 
errors associated in the buoyancy effects determination. The assumption that 
helium is non-adsorbable at high temperatures has been discussed in several 
papers 220-223 and at present it is relatively difficult to ascertain the validity of 
the inert helium hypothesis.  
6.5.4 Non-Isothermal Kinetics Analysis   
The LDF model for non-isothermal adsorption presented earlier are utilized to 
curve-fit the data.  Figures 6.11 and 6.12 show the experimental temperature 
profiles of the adsorbate during the experiment. The temperature of the 
adsorbent, which is the highly porous activated carbon powder of type 
Maxsorb III follows the profile when the adsorbent-adsorbate system is at 
thermal equilibrium at the beginning of the experiment and as time approaches 
infinity. From equation (6.30), it may be shown that as time approaches 
infinity, the data obtained from the data simplifies to the following equation: 
 𝑞 − 𝑞𝑜
𝑞∞ − 𝑞𝑜
= 1 + 𝛽𝛼21 − 𝛽𝛼2 exp (𝑟𝑡) (6.39)  
 
Hence, using the data from the buoyancy measurements and the mass recorded 
by the MessproTM software, the uptake of the Masxorb III + propane at time t 
is calculated and curve 1-(q-qo)/(q∞-qo) can be plotted, and the gradient 
obtained to give the value of r and the cut at the y axis gives the value of -ln(-
βα2/(1-βα2)). The 1-(q-qo)/(q∞-qo) profiles for To=28.89°C, P∞=497 kPa and 





Figure 6.11 Temperature curves of highly porous activated carbon powder of 
type Maxsorb III + propane: experimental data at ●- To=10.96°C, P∞=497 
kPa, experimental data at ▲- To=9.15°C, P∞=192kPa 
 
 
Figure 6.12 Temperature curves of highly porous activated carbon powder of 
type Maxsorb III + propane: experimental data at ♦- To=28.60°C, P∞=700 kPa, 




























Figure 6.13 1-F(t) profiles for ∆-To=28.89°C, P∞=497 kPa, experimental data 
at ○-To=28.60°C, P∞=700 kPa, --- straight lines to obtain the gradient which 
gives the value of r and intersection at y axis giving the value of  -ln(-βα2/(1-
βα2)). 
 
The parameters q∞, ksav and the respective errors were evaluated from 10s 
onwards and presented in the following Table 6.2. In the first 10s, the pressure 
has not stabilized, and the zero error correction cannot be determined. The 
fitted curves are plotted alongside the data obtained as shown in Figure 6.14. β 
and λ were evaluated to be -0.02 and 0.04 respectively.  The value of ksav as 
expected increases with pressure at a given temperature, since the value of q* 
will be higher at every point in the kinetics curve resulting in a higher driving 











Table 6.2 Parameters of non-isothermal kinetics rate of adsorption 









1 9.15 192 0.876 0.00304 1.25 
2 10.96 497 0.729 0.00784 0.65 
3 29.27 195 0.592 0.00495 1.57 
4 28.89 497 0.792 0.00542 1.19 
5 28.60 700 0.835 0.00841 0.75 
 
The fitted models were plotted alongside the experimental data as shown in 
Figure 6.13(a) and (b). 
 
Figure 6.14 (a) Uptake kinetics of the highly porous activated carbon powder 
of type Maxsorb III + propane: experimental data at ○-To=9.15°C, 
P∞=192kPa, experimental data at ∆-To=10.77°C, P∞=300 kPa, □-To=10.96°C, 
P∞=497 kPa --- fitted curves from the non-isothermal adsorption kinetics 
model (b) Uptake kinetics of the highly porous activated carbon powder of 
type Maxsorb III + propane: experimental data at □-To=29.27°C, P∞=195kPa, 





















To=28.60°C, P∞=700 kPa, --- fitted curves from the non-isothermal adsorption 
kinetics model. 
6.6 Summary 
The adsorption rate of propane on highly porous activated carbon powder of 
type Maxsorb III has been determined using measurements from the high 
accuracy magnetic suspension balance as well as the buoyancy correction 
calculations that has been presented in this chapter. These are analyzed from 
10°C to 70°C at pressures up to 800kPa which are crucial for the adsorption 
chiller processes.  
The statistical rate model for predicting the time-dependent uptake has been 
reviewed. The model is found to capture the adsorption process very well 
individually, and the rate term (Kgs) for the highly porous activated carbon 
powder of type Maxsorb III + propane pair has been evaluated.  A linear 
straight line has been used to empirically describe the time dependent KgsP for 
the temperature range associated with AD beds operation, which is above 
300K. This is consistent given that it is dependent on both the mean free path 
of the molecules and the probability that a propane molecule on a surface will 
be adsorbed. Both are directly influenced by temperature. The steady-state 
uptakes obtained from the experiments is compared with the author’s 
previously published excess adsorption data of the highly porous activated 
carbon powder of type Maxsorb III + propane pair utilizing a constant volume 
variable pressure (CVVP) apparatus and it is found to deviate within ±6% 147. 
The main error is associated to the uncertainty of the volume and derived 
density determinations in the CVVP calculations. 
Finally, a non-isothermal kinetics study is carried out.  The heat transfer 
coefficient, thermal mass of the measuring cell and the linear driving force 
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adsorption rate terms are investigated. The particle mass transfer coefficient 
ksav obtained in these experiments may then be used in the mathematical 
model of the highly porous activated carbon powder of type Maxsorb III + 
propane pair adsorption chiller system which will be discussed in the next 
chapter. 





CHAPTER 7: DYNAMIC BEHAVIOR OF A TWO-BED 
ACTIVATED CARBON POWDER + 
PROPANE ADSORPTION CHILLER 
PROTOTYPE  
7.1 Background 
This chapter describes the detailed modeling and experimental validation of a 
pressurized bed adsorption chiller for a highly porous activated carbon powder 
of type Maxsorb III + propane Prototype. The properties of the pair were 
acquired experimentally and its theoretical thermodynamic framework 
developed and presented in the preceding chapters. In Chapter 5, this pair has 
been shown to be an attractive pair amongst tested pressurized adsorption 
pairs when low temperature-cooling is required or when operated in localities 
where the ambient temperature is relatively high (above 40℃). This is 
because, as illustrated using the experimental isotherms obtained in Chapter 3, 
the steady state simulation suggests that the cooling capacity (SCE) of an 
adsorption chiller declines with an increasing ambient temperature and 
decreasing evaporator temperatures until it is deemed inoperable. Under these 
adverse conditions in arid localities such as that of Saudi Arabia (Figure 7.1), 
a pressurized bed adsorption chiller which utilizes propane as a refrigerant 
with activated carbon as the adsorbent offers a relatively best selection 
amongst the tested refrigerant pairs for the utilization of low grade waste heat 
in continuous batch-operated cooling.  
 





Figure 7.1 Record high temperatures (white) overlapped with the record low 
temperatures (black) in Jeddah, Saudi Arabia for the various months in 2010 
224.  
 
7.1.1 Advanced Adsorption Chiller Cycle 
In the literature, several advanced adsorption chiller cycles have been 
presented in a concerted effort to boost coefficient of performance (COP) and 
the specific cooling effect (SCE). Shelton et al 225 proposed a thermally driven 
cooling system which is highly efficient, yet cheap using a “thermal wave 
regenerative method” along the beds as shown in Figure 7.2 for application in 
homes, offices and the industry. The heat rejected from the cold beds are 
stored and then utilized to reduce the input energy required. Critoph 226 
introduced the concept of a “forced convection adsorption cycle” for effective 
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Figure 7.2 Description of a solid/vapor adsorption system schematic227 (left) 
and photograph228 (right)  
 
Saha et al. 229, 230 introduced novel two and three-stage adsorption refrigeration 
cycles so that lower temperature waste heat sources may be utilized. The 
cycles are necessary in localities where the available waste heat temperature is 
low. The performances are relatively poor since the available energy is 
required to heat up all the stages. Pons and Poyelle 231 investigated the mass 
recovery process in two-bed systems. Wang et al 232 further studied the 
experimental performances of a vacuum operated activated carbon + methanol 
pair with mass recovery. It was found that indeed, there were significant 
improvements in the cooling performance as a result of the mass and heat 
recovery introduced in between cycles. The mass recovery scheme of the 
adsorption chiller has further been extensively studied by several other authors 
233-237.   
7.1.2 Adsorption Chiller Mass Recovery Scheme  
The authors used various approaches in the study of the mass recovery 
scheme. Wang (2000) for example used a steady state equilibrium cycle model 
with complete re-adsorption assumption of desorbed vapor during mass 
recovery. Further, the beds are assumed to be adiabatic. KCA Alam et al 





(2004) 238, Akahira et al (2004) 233 and M.Z.I. Khan (2007) 236 utilizes an 
iterative method where a pressure is first assumed to obtain the corresponding 
concentrations which are then counter checked with the vapor mass. This 
process is repeated until the vapor uptake calculated from the iterated pressure 
coincides with that obtained from the pressure and temperature of the reactor 
within the tolerance set by the program.  
The main limitation of such a scheme is the underlying assumption that the 
mass of adsorbate regenerated from one adsorption bed must always match the 
uptake mass of adsorbate in the other adsorption bed. This may not be 
necessarily the case as the uptakes in the individual beds are also functions of 
it own Pressure (P) and Temperature (T) which are affected by the heat and 
mass transfer across the beds. A more realistic approach in simulating the 
pressure equalization process, taking into considerations the void space 
available for the adsorbate molecules to occupy, is thus necessary, especially 
when pressure effects are significant.  
Thus, in this chapter, the mathematical modeling of a single staged adsorption 
chiller with mass recovery is elucidated. A single-staged highly porous 
activated carbon powder of type Maxsorb III + propane is considered for 
performance comparison with a multi-stage system for low cooling 
applications.  Beginning with the fundamental adsorption equations developed 
by Saha et al 239, the valve coefficient equation is introduced taking into 
account that gas flows through the connecting pipes due to the pressure 
difference.  
  





7.2 Theoretical Modeling of the Pressurized Bed Adsorption 
Chiller 
The mathematical modeling of the moderately pressurized adsorption (AD) 
chiller utilizes the lumped-capacitance model and the equations are developed 
from heat and mass balances for each component of the two-bed AD chiller. 
The chiller consists of two reactor beds, the evaporator and the condenser. The 
following assumptions are used in the modeling 
• The activated carbon particles (highly porous activated carbon powder 
of type Maxsorb III) that are packed in the fin gaps are of uniform size. 
The porosity across the reactor bed is thus assumed to be constant for 
the considered operating cycle pressures and temperatures. This 
assumption is a valid one given the repeatable BET area measurements 
that has been previously studied for different batch samples. 
• Given the small size of the reactor considered, the temperature (𝑇𝑏), 
uptake (𝑞) as well as pressure (𝑃𝑏) is assumed to be invariable across 
the activated carbon layer. 
• The adsorbed phase of propane and the adsorbent solid surface are 
locally in equilibrium, an assumption that has been used in the 
preceding Chapter as well with a very good fit of the kinetics results. 
• Physical properties of solid components of the adsorption chiller 
including metal tubings, cylinder wall, and activated carbon such as 
specific heat, specific volume and viscosity are constant over the 
operating temperature and pressure ranges. 





The properties of propane are extracted from NIST REFPROP 240 with 
reference to the work on propane properties of Lemmon et al 24. The pressure 
in the evaporator and the condenser are at saturation and is thus a function of 
its temperature only. The gravimetric flow rate of the adsorbate entering the 
bed during adsorption and leaving during desorption is thus given by  
 





𝑎𝑑/𝑑𝑒 is obtained from the kinetics equation presented in Chapter 6. 
During the operation sequence, the amount of propane in the condenser 
increases due to the mass transfer from the desorption bed. This consequently 
increases the condenser pressure. Meanwhile, in the adsorber bed, the control 
volume consists of the vapor within the bed, the adsorbent-adsorbate system, 
and the frames of the adsorber bed, including the heat exchanger system. From 
the first law of thermodynamics for a general control volume, this equation 
reduces to 241 
 𝑑𝐸𝑐.𝑣
𝑑𝑡
= �?̇?𝑖ℎ𝑖 −�?̇?𝑒ℎ𝑒 (7.2)  
The left hand side of the first law equation consists of three components: the 
internal energy of the gaseous refrigerant (𝐸𝑔𝑟), the solid structure contained in 
the adsorber bed itself, including the tubes of the heat exchanger (𝐸𝑠𝑏), and the 
adsorbent-adsorbate system (𝐸𝑎𝑑𝑠). For the evaporator-adsorber bed 
arrangement, the adsorption process is assumed to be carried out at constant 
pressure 𝑃 = 𝑃𝑠𝑎𝑡(𝑇𝑒), hence 𝑑𝑃 = 0. Neglecting changes in the specific heat 
capacities of the solid bed and thus it’s specific volume 𝑣𝑠𝑏  the equations 





above is simplified with 𝑑𝐸𝑠𝑏 = 𝑑𝐻𝑠𝑏. Also, neglecting changes in the specific 
volume of the adsorbent (𝑣𝑠𝑎𝑑) , 𝑑𝑣𝑠 = 0 as per the previous chapter. The right 
hand side of the first law equation thus consists of the energy brought in by the 
refrigerant gas from the evaporator and the cold water to cool down the 
system. Rearranging all terms in the first law equation, the following is 











𝑟 �𝑻𝒂𝒅,𝑷𝒆� + 𝑚𝑠𝑏𝑐𝑝𝑠𝑏 + 𝑚𝑠𝑎𝑐𝑐𝑝𝑠𝑎𝑐�= ?̇?𝑙𝑐𝑤𝑐𝑝𝑙𝑐𝑤�𝑇𝑐𝑤,𝑖𝑛 − 𝑇𝑐𝑤,𝑜𝑢𝑡�+ 𝑚𝑠𝑎𝑐 𝑑𝑞𝑑𝑡�𝑎𝑑 �𝜃ℎ𝑔𝑟(𝑻𝒆,𝑷𝒆)+ 𝑄𝑆𝑇(𝑻𝒂,𝑷𝒆)� 
(7.3)  
where 𝜃 = 1 during the operation segment and takes a value of 0 during 
pressure equalization and switching. 𝑄𝑆𝑇 is calculated using (equation (4.17)) 
developed in Chapter 4. For the AD bed, using the log mean temperature 
difference, 
 
𝑇𝑐𝑤,𝑜𝑢𝑡 = 𝑇𝑎 − �𝑇𝑎 − 𝑇𝑐𝑤,𝑖𝑛�𝑒𝑥𝑝 �− 𝑈𝑏𝐴𝑏
?̇?𝑙
𝑐𝑤𝑐𝑝𝑙
𝑐𝑤� (7.4)  
The same approach is applied to the modeling of the desorption chamber to 
obtain the following equation 
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(7.5)  
 






The evaporator control volume consists of saturated vapor and saturated liquid 
within the evaporator, the frames of the evaporator including the coils of the 
heater. Using the first law of thermodynamics for a general control volume 
now applied to the evaporator (equation (7.2)), Q is the heat addition into the 
evaporator due to the external cooling that it provides. The left hand side of 
the first law equation consists of two components: the internal energy of the 
gaseous refrigerant (𝐸𝑔𝑟) and the solid structure contained in the evaporator, 
including the tubes of the heat exchanger (𝐸𝑠𝑒). Also, for the evaporator-
adsorber bed arrangement, the adsorption process occurs at the pressure of the 
evaporator(𝑃𝑒 = 𝑃𝑏 = 𝑃𝑠𝑎𝑡(𝑇𝑒)), hence 𝑑𝑃 = 0. The right hand side of the 
first law equation consists of the energy brought out by the refrigerant gas 
from the evaporator to the adsorber bed, energy brought in by the liquid from 
the condenser, and also the latent heat of vaporization as a result of the change 
of phase from liquid to gaseous state.  









𝑟 (𝑻𝒆,𝑷𝒆) + 𝑚𝑙𝑟𝑐𝑝𝑙𝑟(𝑻𝒆,𝑷𝒆) + 𝑚𝑠𝑒𝑐𝑝𝑠𝑒�= −?̇?𝑔𝑟ℎ𝑔𝑟(𝑻𝒆,𝑷𝒄) + ?̇?𝑙𝑟ℎ𝑙𝑟(𝑻𝒄,𝑷𝒄)+ ?̇?𝐿 + ?̇?𝑙𝑒𝑎𝑘 
(7.7)  
Taking mass balance, the following is obtained. 
 
?̇?𝑓𝑔
𝑒 = ?̇?𝑙𝑐 − ?̇?𝑔𝑎 = 𝑚𝑎𝑐 �𝑑𝑞𝑑𝑡�𝑑𝑒 × 𝛾 − 𝑑𝑞𝑑𝑡�𝑎𝑑� (7.8)  
where  𝛾 is defined by the maximum height of condenser (Figure 7.3) . For the 
condenser, the control volume consists of saturated vapor in the tubings and 




< 0 or the height of 
liquid does not reach l, 𝛾 assumes a value of 0.  𝛾 is = 1 when the height of 




> 0.  
  






Figure 7.3 Schematic of condenser bed control volume  





𝑟 (𝑻𝒄,𝑷𝒄) + 𝑚𝑙𝑟𝑐𝑝𝑙𝑟(𝑻𝒄,𝑷𝒄) + 𝑚𝑠𝑐𝑐𝑝𝑠𝑐�= ?̇?𝑔𝑟ℎ𝑔𝑟�𝑻𝒅,𝑷𝒄� − ?̇?𝑙𝑟ℎ𝑙𝑟(𝑻𝒄,𝑷𝒄)
− ?̇?𝑙
𝑐𝑤𝑐𝑝𝑙
𝑐𝑤�𝑇𝑐𝑤,𝑖𝑛 − 𝑇𝑐𝑤,𝑜𝑢𝑡� 
(7.9)  
where ?̇?𝑔𝑟�𝑻𝒅,𝑷𝒄� = 𝑑𝑞𝑑𝑡�𝑎𝑑 × 𝑚𝑎𝑐, ?̇?𝑙𝑟(𝑻𝒄,𝑷𝒄) = 𝑑𝑞𝑑𝑡�𝑎𝑑 × 𝑚𝑎𝑐 × 𝛾  
At the time when the delay time sequence is implemented, the bed which is 
previously undergoing desorption has a higher pressure than the one that is 
previously undergoing adsorption i.e 𝑷𝒅 > 𝑷𝒂 , and thus heat and mass 
transfer from the desorption bed to the adsorption bed occurs. This mass 
transfer is mathematically described as 
 
?̇?|𝑝𝑒 = 𝑑𝑞𝑑𝑡�𝑎𝑑/𝑑𝑒 × 𝑚𝑠𝑎𝑐 ± 𝜑�𝑣𝑔𝑑(𝑷𝒅 − 𝑷𝒂) (7.10)  
where 𝜑 is the ratio between the valve coefficient and the square root of 
specific volume of water. Figure 7.4 shows the programming flow chart while 
Table 7.1 lists a summary of the governing equations.  
 
 






Figure 7.4 Programming flow chart of the pressurized bed adsorption chiller 
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7.3 Experimental Test Rig  
This model is verified utilizing a small scale adsorption chiller (AD) that 
utilizes the highly porous activated carbon powder of type Maxsorb III + 
propane Pair for an assorted range of heat fluxes. The prototype is also tested 
for various cycle times to observe the effects of insufficient desorption in 
comparison to the frequency of sensible heating. In this arrangement, different 
cooling loads are tested by controlling the output power of the electric heater. 
The experiments demonstrate the effectiveness of the AD cycles at high 
cooling densities while yielding a low cooling surface temperature at the 
evaporator. High boiling heat fluxes are realized by the use of a stainless steel 
evaporator, in which there is intense boiling, operating with a small 
temperature differential between the metal surface and the saturated liquid. 
Rating tests on the PAC span across an assorted range of conditions for 
cooling and chilling water temperatures. 
7.3.1 Description of the Test Facility  
Figure 7.5 shows the fully automatic, batch operated bench scale 
pressurized-adsorption chiller which is used to study the highly porous 
activated carbon powder of type Maxsorb III + propane adsorption cycle. It 
consists of two reactor beds, the condenser and the evaporator. Other than the 
condenser fan, this chiller unit is free of moving parts and is relatively 
compact. Pressure profiles during adsorption at these four components are 
monitored using pressure transducers (Kyowa, PGS-10KA) which have an 
uncertainty of 0.1 % of the measured full scale. Lead throughs (10 pins, MIL-
C-5015, CeramTec) are also installed at each of these components for the 





temperature sensors placed at essential points. These sensors are 1/3 DIN, Pt 
100 Ω RTDs with uncertainty of ± 0.15 K. Motorized Swagelok on/off ball 
valves are installed along the tubings connecting the reactor beds to the 
evaporator and the condenser. An additional motorized valve is installed along 
the connecting tubings between the two reactors beds to allow for pressure 
equalization throughout the switching process which improves the 
performance of the chiller. The stainless steel tubings used are 3/8 inch 
diameter with thickness 0.8mm. Heater tapes with a set point of 5°C above the 
saturation temperatures are wrapped around the tubings to prevent 
condensation during the cycle. 
The stainless steel cylindrical evaporator is of internal diameter of 70.0 mm 
and thickness 8.0 mm which is designed and pressure tested up to 10 bars. A 
heater coil welded unto the bottom of the evaporator simulates the cooling 
load using a DC supply. This supply consists of a GW Instek GPD-3303S 
series programmable linear D.C. power supply with minimum 1mV / 1mA 
resolution. It controls an output power between 0W to 24W via a heater 
terminal. A liquid return port on the top cover of the evaporator allows the 
refrigerant liquid from the condenser to flow back to the evaporator via a ¼ 
inch pressure metering valve which maintains the pressure difference and the 
flow rate. The tubings connecting the condenser to the evaporator are ¼ inch 
stainless steel tube. The thermistors are placed to determine the refrigerant 
vapor and liquid temperatures as well as the surfaces of the top and bottom 
covers. Copper tubing is coiled around the evaporator with an external glycol 
coolant loop to simulate the surrounding conditions.  
  






Figure 7.5 The bench-scale batch-operated pressurized-adsorption chiller test 
facility. Insert: the adsorption chiller with the insulations 242. 
 
  





The reactor bed is a stainless steel (SS 316L) cylinder of diameter 208mm and 
thickness of 15mm which encloses two copper finned-tube heat exchangers 
packed with highly porous activated carbon powder of type Maxsorb III 
activated carbon. These have been pressure tested up to 15 bars. The activated 
carbon is chosen for its high BET surface area (3150 m2/g) and small diameter 
size (2 nm) as enumerated and analyzed in Chapter 2. The heat exchanger 
blocks are of dimensions 140.0 mm by 136.0 mm and height 21.0 mm 
comprising of 43 fins. The fins are 0.2 mm thick with a fin pitch of 3.0 mm. 
The stainless steel mesh of 500 meshes per inch were used to hold in place the 
highly porous activated carbon powder of type Maxsorb III activated carbon 
powders which are filled in the empty spaces between fins. All the four heat 
exchanger blocks are each filled with 81 g of the highly porous activated 
carbon powder of type Maxsorb III each. The dry mass of the adsorbentis 
measured using a Computrac Max 5000 Moisture Analyzer which has an 
estimated uncertainty of ± 0.1 mg). The external heating and cooling loops of 
the heat exchangers enhance the adsorption and desorption processes 
respectively. The external cooling and heating water loops flows through the 
heat exchanger block at the respective reactors during the adsorption and 
desorption process. These cooling and heating water loops are maintained by a 
constant temperature water circulator (PolyScience Model 9712), which has a 
temperature stability of ± 0.01 °C. The water flow rates are adjusted by 
increasing or decreasing the pumping flow rate of the circulator. Ball valves 
placed at the inlet of the circulator throttles the flow rate manually. Solenoid 
valves, on the other hand are added to determine whether the bed is 
undergoing cooling or heating during the cycle. Five temperature sensors are 





placed in the heat exchanger blocks to measure the temperature of the 
activated carbon powder, and at the void spaces to measure the refrigerant 
vapor. The condenser utilized in this set-up is of air-cooled cross flow type. It 
consists of a condensate and vapor collector tubes which is of dimension 
25.4mm by 185mm and 25.4 mm in height. There are four copper tubes and 
51 fins (each of width 40.0 mm and length 165.0 mm) with 3.0 mm fin pitch. 
The thermistors measure both the refrigerant vapor and liquid temperatures.  
The data acquisition unit used in this experiment comprises of an Agilent 
(30970A) Data Acquisition System, and a personal computer. This unit reads 
out the temperatures and pressures from the reactor beds, evaporator and 
condenser.  The temperature and pressure sensors have been calibrated 
traceable to the national standard. Further, the LabView computer program 
(version 8.6) is used to automatically control the closing and opening of the 
external loop water solenoid valves as well as the refrigerant motorized valves 
with the input time intervals of the user.  
7.3.2 Experimental Procedure 
Figure 7.6 and Figure 7.7 shows the valve configuration of the adsorption 
chiller during cycles 1 and 2 respectively. Prior to the experiment, all the 
valves of the test facility are opened to allow the evaporator, reactor beds, 
condenser and tubing to be evacuated using a BOC Edwards two-stage rotary 
vane vacuum pump which is at a H2O volumetric pump rate of 315 ×10-6 m3s-
1. The attached alumina-packed fore line trap at the outlet of the vacuum pump 
prevents the oil mist from returning back to the setup. Hot water at 90 °C 
continuously flow through the thermal compressors to regenerate the activated 





carbon, removing both moisture and trapped gases. The heater tapes and coils 
also heats up the tubing and evaporator respectively to remove any moisture. 
At the same time, the pressures at the respective components are monitored 
and the required vacuum of around 2mbars is maintained throughout the 
evacuation process. After sufficient time, the set-up is cooled to ambient 
conditions and helium with purity of 99.9995 % is charged into the system to 
remove any traces of residual gases and vacuumed. Helium is used as it is 
observed from the kinetics data of Chapter 6 that there are negligible 
interactions between helium and the activated carbon. The charging and 
vacuuming of helium from the system is repeated until a satisfactory vacuum 
is achieved.   
401.5 g of propane is then charged into the evaporator based n the required 
refrigerant for the adsorption system. The fan of the condenser is switched on 
so that output heat from the condenser is removed to the environment. The 
flow rate of the fan may be adjusted by changing its input power. Similarly, 
the heater tapes and heater coil are switched on to prevent condensation in the 
tubing and to simulate the cooling load required respectively. Refrigerant 
vapor is thus generated in the evaporator with this continuous heat input (Qin) 
from the DC supply. The temperature baths are set to 35°C and 85 °C to 
maintain the external cooling and heating loops. 
Four time segments have to be set with regard to the operations of this 
adsorption chiller. They are (i) the switching time, which is the segment prior 
to the heating or cooling of the thermal compressor before desorption or 
adsorption occurs respectively. During this segment, the motorized valves are 





close to isolate the thermal compressors from the condenser and evaporator. 
(ii) The operation time, the time for desorption and adsorption to occur. The 
external hot and cold water loop continues to flow through while the 
respective motorized valves to the evaporator and condenser is opened. (iii) 
The delay time, which is the time to allow residual hot and cold water to flow 
back to the water circulator before switching begins. At this time, the vapor 
pressures in the reactor beds to equalize prior to switching which enhances the 
adsorption cycle. The control system thus accordingly activates the motorized 
(off/on) ball valves for the flow of refrigerant as well as the solenoid (off/on) 
valves for the external cooling or heating during the entire cycle.  
During the switching time segment, the control system closes all the motorized 
ball valves “V1” to “V5” to isolate the reactors beds from each other as well 
as from the condenser and the evaporator. The solenoid valves “W1”, “W3”, 
“W5” and “W7” are actuated so that heating and cooling of the reactors 
begins. After sufficient time for heating and cooling, the control system 
activates the operation configuration. At this point, motorized ball valves “V2” 
and “V4” are actuated so that vapor from the evaporator can flow to the 
adsorption bed and vapor in the desorption bed can flow to the condenser and 
evaporator respectively. During this segment, the desorbed refrigerant is 
condensed in the condenser while heat is rejected to the environment. The 
condensate flows back into the evaporator so that the refrigerant loop is 
complete. After sufficient time for adsorption and desorption, the control 
system activates the pressure equalization configuration where the motorized 
ball valves “V1” and “V2” are closed and “V5” is opened to allow 
equalization of the pressures in reactors R1 and R2. This enhances the 





adsorption and desorption process in both beds. In this segment, the solenoid 
valves “W1” and “W5” which are the inlets to the cold and hot water are 
closed and “W3” and “W7” remains open so that the residual hot and cold 
water returns to its respective water baths. At the end of this segment, the 
second switching configuration is activated where “V5” is closed and both 
reactor beds are again isolated from each other and from the evaporator and 
condenser. The reactors are now interchanged. R1 now prepares itself for 
desorption instead while R2 adsorption by closing water vales “W3” and 
“W7” and opening “W2, “W4”, “W6” and “W8”. The adsorption is complete 
when the system undergoes the second operation segment and then the second 
pressure equalization sequence. The detailed control schedule is tabulated in 
Table 7.2.  
  











Table 7.2 Control schedule of the Pressurized Bed Adsorption Chiller for the two 
cycles 
  Cycle 1 Cycle 2 








e V1 × × × ○ × × 
V2 ○ × × × × × 
V3 × × × ○ × × 
V4 ○ × × × × × 







W1 ○ × × × × ○ 
W2 × × ○ ○ ○ × 
W3 ○ ○ × × × ○ 
W4 × × ○ ○ × × 
W5 ○ × × × × ○ 
W6 × × ○ ○ ○ × 
W7 ○ ○ × × × ○ 
W8 × × ○ ○ × × 
× - closed ○ - open  









Figure 7.6 Schematics diagram showing the valves configuration of the 
















Figure 7.7 Schematics diagram showing the valves configuration of the 










7.4 Results and Discussion 
7.4.1 Experimental Heat Leak Test 
The adsorption chiller is tested with the highly porous activated carbon 
powder of type Maxsorb III as adsorbent and propane as adsorbate in the two-
bed adsorption chiller unit. It is tested with external cooling loads of 3W, 5W 
and 7W and operation times between 120s and 300s. Prior to the experiments, 
the degree of heat leak of the evaporator is determined. The heat leak (?̇?𝐿𝐸𝐴𝐾) 
is calculated by logging in the decrease in the temperature of the evaporator 
and factoring in the thermal mass of the evaporator.  It is plotted against the 
temperature difference (∆T) between the refrigerant inside the evaporator and 
the temperature of the insulation of the evaporator as shown in Figure 7.8. The 
heat leak for this evaporator is thus found to be Qleak =28.9834 [(e0.004∆T)-1] W. 
 
Figure 7.8 Heat leak experimental data (with 5% error bars) of the 
experimental adsorption chiller, the high heat leak is attributed to the small 
size of the evaporator. The blue line is the fitted equation Qleak =28.9834 
[(e0.004∆T)-1] W for this particular evaporator. 
  














∆Temperature / K 
Q = 28.9834 [exp(0.004∆T)-1] 





7.4.2 Experimental Pressure and Temperature Profiles 
When the valves connecting the condenser to Bed 1 and the evaporator to Bed 
2 are opened, adsorption in bed 2 occurs rapidly enhancing the pool boiling of 
the refrigerant in the evaporator 243. The evaporator temperature which is at 
saturation thus lowers providing the cooling effect of the adsorption chiller 
system 244. At the same time, rapid desorption also occurs in the desorber bed 
resulting in rapid condensation of desorbed refrigerant in the condenser. This 
increases the temperature of the saturated vapor in the condenser 196. Both the 
increase and decrease of the temperatures in both the condenser and 
evaporator respectively gradually fluctuates as the rate of adsorption and 
desorption reduces coupled with the external cooling and load provided to the 
system 239, 245. Figures 7.9 and 7.10 illustrate the typical temperature and 
pressure profiles of the pressurized bed adsorption chiller for an operation 
time of 120s, a delay time of 30s and a switching time of 35s. In the first 120s, 
desorption occurs in Bed 1, while adsorption is taking place in Bed 2. The 
pressure in Bed 1 is thus the same as the condenser while the pressure in Bed 2 
is that of the evaporator. The supply of the external hot water, heats up the 
desorbing bed 1, resulting in a large temperature lift to continually desorb the 
adsorbed propane to the condenser. Similarly, continuous supply of cool water 
into the adsorbing bed 1 reduces the temperature for adsorption to take place.    
At the end of the operation segment, the motorized valves at the refrigerant 
side are both closed and thus the pressure of the reactors are now independent 
of both the evaporator and the condenser. At this point, the valve connecting 
the two reactor beds are opened. Mass transfer results in Bed 1 to reduce its 
pressure quickly while Bed 2 pressure increases, equalizing both beds in 





preparation for the next cycle. This mass transfer is accompanied by heat 
transfer that decreases Bed 1 temperature, and increases Bed 2 temperature. 
This delay segment is set at 30s. Water for the external cooling and heating are 
allowed to drain out of the tubes at this point back to the water circulator unit.    








Figure 7.9 Experimental steady-state pressure profiles of the two adsorption 
beds as well as the condenser and the evaporator showing the adsorption 
chiller working as a thermal compressor for an operation time of 120s, 
switching time of 60s when no external load is added to the adsorption chiller.  
 
 
Figure 7.10 Steady-state temperature profiles of the two adsorption beds, the 
condenser and the evaporator for an operation time of 120s, switching time of 
60s. The evaporator reaches temperatures below 0°C when no external load is 
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After the delay segment, external cooling water now flows through bed 1 
while external heating water is supplied to bed 2.  The valves connecting the 
two reactor beds are closed at this point and thus no mass transfer occur across 
the components. This switching segment is set at 35s. The temperature of the 
bed 1 thus drastically decreases and bed 2 increases, preparing itself for the 
next operation. Pressure builds up in bed 2 and at one point it is higher than 
the pressure in the condenser. This is crucial to promote flow to the condenser 
when the valve to the condenser is opened 236, 246, 247. Similarly, the pressure in 
bed 1 decreases as its temperature decreases. As the heating source at the 
evaporator continues, the temperature in the evaporator continues to increase. 
Concomitantly, the temperature in the air-cooled condenser continues to drop 
with the external cooling process. After the switching process ends, the next 
half cycle proceeds. Bed 2 which is saturated is heated for desorption to take 
place while bed 1 is cooled for adsorption to take place.   
 





7.4.3 Experimental and Ideal Dühring Diagram with Pressure Equalization 
Figure 7.11 shows the experimental Dühring diagram of the pressurized bed 
adsorption chiller cycle for the highly porous activated carbon powder of type 
Maxsorb III + propane pair for various cycle times. The thermal compression 
process for the bed is denoted by   A→AEQ→B→C→ CEQ →D. Process 
A→AEQ and C→ CEQ is the pressure equalization process during the delay 
sequence where the pressure at AEQ is equals to the pressure at CEQ 
accompanied by an increase and decrease in temperatures respective due to the 
mass transfer. These are in contrast to the Dühring diagram of Chapter 5, 
(denoted here by A→B1→C→D1) which is without the addition of the 
pressure equalization sequence to enhance the thermal compression process. 
The diagram superimposes the ideal cycle with the actual experimental cycles 
at operation times of 120s, 180s, 240s and 300s.  
The adsorption cycle, regardless of the addition of the pressure equalization 
is limited in terms of its width on the Dühring diagram, by the external cold 
water (TC) and hot water (TA) temperatures. In this case, they are 303.15K and 
308.15K respectively. Without the pressure equalization, however, the ideal 
cycle which assumes an isosteric pre-heating and pre-cooling process further 
limits the uptake difference (∆q) to be 0.08 kgkg-1 (adsorption from 0.64 kgkg-
1 to 0.72 kgkg-1). With the pressure equalization however, the uptake 
difference (∆q) for the ideal cycle is increased by double to 0.17 kgkg-1 
(adsorption from 0.55 kgkg-1 to 0.82 kgkg-1). This consequently enhances the 
performance of the cycle with the increased evaporation of the refrigerant per 
unit mass of activated carbon.  
  












Figure 7.11 Experimental Dühring diagram of the pressurized bed adsorption 
chiller for operation times of 120 s, 280s, 240s and 300s. Dotted 
parallelogram AB1CD1 shows the ideal cycle without pressure equalization 
(increase uptake edit) area covered by cycle is the potential for cooling by 











The thermal compressor approaches the ideal cycle ‘width-wise’, in terms of 
uptake difference as the cycle time is increased. This is because as the 
operation time increase, the reactor bed during adsorption approaches C, the 
lower temperature limit set by the cooling water temperature 235, 237, 248. 
Similarly, the reactor bed during desorption approaches A the upper 
temperature limit determined by the temperature of the hot water loop. As the 
thermal compressor reaches these limits, the bed reaches closer to saturation 
during adsorption (0.71 kgkg-1 for a cycle time 180s to 0.75 kgkg-1 for a cycle 
time of 300s) and desorbs more during desorption (0.67 kgkg-1 for a cycle time 
of 180s to 0.61 kgkg-1 for a cycle time of 300s). This consequently results in 
higher mass transfer across the beds during the pressure equalization since the 
desorber bed is hotter and adsorber bed is cooler at this point. At the onset of 
switching, the cycle with a longer operation time will accordingly reach higher 
pressures and lower temperatures where the bed experiences higher adsorption 
or desorption. This is the reason for the longer widths of cycles with higher 
operation times on the Dühring diagram.  
The bottom part of the Dühring diagram, however suffers with increasing 
cycle time. A longer cycle time would mean a longer cyclic duration where the 
bed is nearing saturation and thus lower adsorption rates of refrigerant vapor 
from the evaporator. This consequently induces heating in the evaporator 









7.4.4 Effect of Cycle time on the Evaporator Temperature 
The compiled evaporator temperatures for heat inputs at 3W, 5W and 7W of 
the pressurized bed adsorption chiller with propane as its working fluid are 
shown in Figure 7.12. Higher heat fluxes correspond to higher evaporator 
temperatures. There exists, however a minima where the evaporator 
experiences the lowest temperature for the different heat input. These are 
found to vary from 100s to 300s depending on the cooling load applied. As the 
cooling load decreases, the minimum evaporator temperature is found to be at 
longer cycle times. The reason for this is that at lower heating loads, the 
influence of temperature increase of the evaporator when the adsorber beds are 
near saturation is much lower 249, 250 . Thus, the increase in uptakes associated 
with a longer cycle time has a greater effect on the performance of the chiller 
when heating loads are lower.   Further, the experiments demonstrated that it 
is possible for the cycle to operate at sub-zero cooling -6 °C  when the system 
is allowed a cooling load of 3W and approaches 0 °C with a cooling load of 
7W. Figure 7.13 shows the respective COPs at the various operating 
conditions. The COP depicts a monotonic increase since at short cycle times, 
COP is low due to lower vapour uptake difference as a result of further 
deviation from the equilibria uptake. Large amounts of sensible heat as 










Figure 7.12 Averaged evaporator temperatures for the different cooling loads 
tested. Optimal cycle time increases as the load decreases The points plotted 
are for the adsorption chiller with ▲-3W highly porous activated carbon 
powder of type Maxsorb III + propane, ♦-5W highly porous activated carbon 
powder of type Maxsorb III + propane, ■-7W highly porous activated carbon 
powder of type Maxsorb III + propane. 
 
Figure 7.13 COP for the different cooling loads tested. Optimal cycle time 
increases as the load decreases The points plotted are for the adsorption chiller 
with ▲-3W highly porous activated carbon powder of type Maxsorb III + 
propane, ♦-5W Maxsorb III + propane, ■-7W highly porous activated carbon 













































7.4.5 Validation of Simulation Results 
The theoretical modeling (Section 7.2) of the pressurized bed adsorption 
chiller is compared with the presented experimental data. The parameters used 
in the simulation are based on the small-scale adsorption chiller used. The heat 
transfer coefficients are regressed from the experimental data described 
earlier. These parameters are tabulated in Table 7.3. The experimental and 
predicted temperature profiles are plotted on Figure 7.14 for a 5W load with 
operation time 240s, switching time 35s and delay time 30s.  Adsorption and 
desorption takes place in the first 240s followed by the pressure equalization 
and then switching before the beds reverse their roles. The simplified 
modeling, although has its limitations, agrees well with the experimental data 
at the evaporator, condenser as well as the beds. While the simulated 
temperature profiles for desorption bed is higher than the experimental data, 
the simulated temperature profiles during adsorption is lower than the actual 
experimental results. These are largely due to the unaccounted heat losses to 
the surroundings in the modeling. The experimental evaporator temperatures 
are lower than that of the experimental due to the slight unaccounted 
overestimate of the thermal mass of the evaporator where the entire mass is 
used whereas in the actual experiments, heat transfer in the upper half of the 
evaporator is not as effective.  
Figure 7.15 shows the simulated profiles of the lowest evaporator 
temperatures for heat fluxes of 2.5kW/m2, 2.0kW/m2 and 1.0kW/m2. The 
experimental data are superimposed on the chart and it was found that the 
presented experimental data sets are indeed representative of the narrow 
minima region at the respective heat fluxes. The experimental data also shows 





good agreement with the simulated profiles. At higher half cycle times the 
experimental values are relatively higher as compared to the simulated profiles 
due to the higher times in which the evaporator is exposed to the heat leak. 
These are also in agreement with the previous experimental works using 
refrigerants in the vacuum region 196, 233, 245, 251. 
Table 7.3 Parameters used in simulation program 
Evaporator Unit Value 
Effective Surface Area, Ae [m2] 0.002581 
Overall Heat Transfer Coefficient, Ue [Wm-2K-1] 1000 
Mass, me [kg] 2 
Specific Heat Capacity, Cpe [JkgK-1] 386 
Condenser   
Effective Surface Area, Ac [m2] 0.08 
Overall Heat Transfer Coefficient, Uc [Wm-2K-1] 800 
Mass, mc [kg] 2.5 
Specific Heat Capacity, Cpc [JkgK-1] 386 
Reactor Beds   
Effective Surface Area, Ab [m2] 0.0169 
Overall Heat Transfer Coefficient, Ub [Wm-2K-1] 2400 
Mass, mb [kg] 3.7 
Specific Heat Capacity, Cpb [JkgK-1] 386 
Adsorbent (highly porous activated 
carbon powder of type  Maxsorb III) 
  
Mass, mac [kg] 0.324 
Specific Heat Capacity, Cpac [JkgK-1] 930 180 
Hot Water Inlet   
Temperature, Thw [°C] 85.0 
Flow rate,?̇? hw [kgs-1] 0.02 
Cool Water Inlet   
Temperature, Tcw [°C] 30.0 
Flow rate,?̇?cw [kgs-1] 0.02 
Other Parameters   
Room Air Temperature, Tair [°C] 25.0 
Valve Coefficient, Cv to Specific 

















Figure 7.14 Experimental compared with the simulated (dotted) Temperature 
profiles of the two adsorption beds (○,●), the condenser (◊) as well as the 
evaporator (∆). The cooling load is set at 5W, 240s cycle time, 35s switching 










































Figure 7.15 Simulated Evaporator Temperatures (dashed) of the small 
scale adsorption chiller for heat fluxes of 2.5kW/m2, 2.0kW/m2 and 
1.0kW/m2. Experimental data points are also plotted at 2.5kW/m2(җ), 






































In this chapter, a single-stage adsorption chiller with highly porous activated 
carbon powder of type highly porous activated carbon powder of type 
Maxsorb III + propane Pair is tested experimentally using a test facility. The 
effects of cycle time and the pressure equalization sequence has been studied 
and analyzed. It is found that the experimental cycle can go as low as -6°C 
when loaded with an external cooling load of 3W. The adsorption chiller 
(PAC) for any general working pairs working under pressurized conditions 
with the pressure equalization sequence has also been modeled and the results 
were found to agree well with the experimental data. The highly porous 
activated carbon powder of type Maxsorb III + propane pair has thus been 
showed both experimentally and in terms of simulation to be a feasible 




CHAPTER 8: CONCLUSION  
8.1 Major Findings of this Work 
In this research work, the pressurized bed adsorption chiller driven by low 
temperature grade waste heat and hydrocarbon based refrigerant is 
investigated from both a theoretical and experimental perspective. The major 
findings are as follows:   
1. A review of available literature with regard to the utilization of waste 
heat for adsorption cooling applications shows a gap in the study of 
refrigerants at moderate pressures. While the utilization of adsorption 
technology is most appropriate when waste heat available is at lower 
temperature ranges (< 100°C), current state of the art vacuum 
adsorption systems utilizing silica gel + water and zeolite + water 
commercial systems are unable to provide cooling below 0°C. 
Refrigerants as working fluids operating at moderate pressures are 
advantageous as they may operate well below 0°C and in general 
provide a higher ∆q as compared to vacuum systems. Furthermore, it 
eliminates the need to operate under vacuum which has its own 
technical challenges.   
2. The isotherm properties of several refrigerants are collated and 
regressed with an improved adsorbed phase volume correction model 
to allow for further analysis. These include that of highly porous 
activated carbon powder of type Maxsorb III with n-butane, HFC-
134a, R507a and R-32.   Highly porous activated carbon powder of 
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type Maxsorb III is unparalleled as compared to studied commercially 
available activated carbons in terms of thermo-physical properties. 
Experimental studies were further carried out to investigate the 
fundamental properties of highly porous activated carbon powder of 
type Maxsorb III + propane. Excess adsorption equilibra curves of 
propane from 5°C to 75° and pressures up to 8 bars using the constant 
volume variable pressure (CVVP) technique is acquired. The Dubinin-
Astakhov (DA) equation is found to be most appropriate amongst the 
existing models as it includes a surface heterogeneity parameter. The 
fit of the isotherm curves are further improved by including the 
considerations of the adsorbed phase volume in the DA model utilizing 
volume correction proposed by several authors. The adsorbed phase 
volume reduces the RMS error from 4.12% to 2.72%.   
3. The theoretical framework for the study of the pressurized bed 
adsorption chiller is developed. Thermodynamic relations are obtained 
from the rigor of adsorption thermodynamic incorporating the 
statistical mechanics with considerations of the freedom of the 
translational adsorbed particle motion. The proposed expressions are 
considered to be more convenient relative to the previous relations 
developed by Kazi (2011) for the analysis of adsorption systems at all 
pressure ranges. The model incorporates the adsorbed phase volume 
corrections. The non-idealities of the gaseous phase contribute to about 
7-15% of the total isosteric heat of adsorption. 
4. Adsorbed phase thermodynamic quantities, including its specific 
volume, specific heat capacity, heat of adsorption, entropy and 
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enthalpy were evaluated from the measured equilibria data of the 
assorted refrigerants. The evaluation of these values depicts the highly 
dependent nature of the adsorption parameters on the adsorbed phase 
thermodynamic quantities, together with the pressure and temperature. 
These were thus used in the analysis of the pressurized bed adsorption 
chiller. 
5. Utilizing the above described thermodynamic relations, a steady state 
analysis of the assorted adsorption pairs are carried out. In terms of 
cooling effect, the highly porous activated carbon powder of type 
Maxsorb III + propane pair is found to be the most favorable working 
pair when ambient temperatures are high, and cooling temperatures 
required are very low (<0°C). 
6. Experiments were then carried out to study the transient properties of 
the highly porous activated carbon powder of type Maxsorb III + 
propane Pair using a thermal gravimetric method. The uptake as a 
function of time were acquired and is found to be well-described using 
the statistical theory approach which accounts for the highly 
heterogeneous nature of the activated carbon adsorbent. Further 
analysis are carried out and presented to account for the non-isothermal 
effects. 
7. The pressurized bed adsorption chiller with pressure equalization is 
theoretically modeled for the cyclic refrigeration process. The transient 
temperature and pressure profiles were simulated which demonstrates 
the enhancement of the adsorption process with the pressure 
equalization step. The enhancement is attributed to the increased 
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uptake difference with the heat and mass transfer across the two beds. 
A description of the evaporator temperature (Te) versus cycle time (tc) 
for assorted cooling loads is then obtained. Experimental results agree 
well with the simulated profiles for both the adsorption and desorption 
process.  
From these findings, it can be said that the highly porous activated carbon 
powder of type Maxsorb III + propane Pair is a promising working pair for 
low temperature cooling applications, especially for rapid cooling where 
ambient temperatures are high. Nevertheless, issues pertaining to its 
flammability has been addressed by the safety guidelines and procedures that 
comes with the growing interest in conventional propane vapor compression 
systems in Europe. Furthermore, possibility of mixing propane with an inert 
refrigerant such as octafluoropropane may be considered as highlighted in the 
following section. Considering this limitation, the adsorption cycle is the 
refrigeration cycle that represents the myriad of environmental-friendly 
technologies for waste heat utilization that could utilize the low temperature 
heat source under these adverse conditions.  
 
8.2  Recommendations for Future Works 
Based on the present work, incremental improvements to this research field of 
pressurized adsorption are summarized below 
• The distributed modeling for larger systems incorporating the 
heterogeneous adsorption across along the beds due to the 
temperature and pressure differences. The current model suffices 
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for a small-scale chiller set-up. Relations for across beds has 
previously been carried out by Kazi et al.252 for a methane gas storage 
system. However, effects of the vertical height on the pressure within 
the chamber has to be considered along with modeling the large 
condenser, evaporator and pipe components. This work has presented a 
lumped capacitance approach to these components as well as the 
pressure equalization routine which could be extended for the 
discretized model. This will allow for the analysis of a practical  
adsorption cooling system to be used in hotels, offices and the industry 
which is used in a cogeneration system.  
• The modelling study neccesitates the fabrication of such a large 
practical prototype not limited by the constraints of the existing 
laboratory facilities may be considered.  This will not only provide a 
validation of the modeling study but more importantly, it allows the 
economic feasibility of the adsorbent + adsorbate pair of the system. 
Vacuum systems with a payback period of less than 3.5 years has 
previously been studied by Wang et al. which provides 12 kW of 
electrical power 12.  
• The coupling of the batch-operated adsorption system with the 
continuous nature of the vapor compression cycle for a 
liquefaction of a natural gas process. Existing propane refrigeration 
systems (commercially available) are currently widely used at the pre-
cooling stage of the liquefied natural gas. Studies on the utilization of 
absorption chillers driven by waste heat recovery has recently been 
studied by Kalinowski et al253. There has been so far no works to the 
 227 
 
knowledge of the author where an adsorption chiller is considered 
downstream after the absorption chiller. Since the vapor mechanial 
compression chiller utilizes propane as refrigerant the coupling of a 
propane driven adsorption chiller to this system may be adopted to 
optimize waste heat recovery.  
• The study of an adsorption chiller system utilizing two component 
adsorption of propane with an inert vapour. The flammability of 
propane limits the market for its utlization due to concerns relating to 
safety. Oelrich et al254 studied the utilization of octafluoropropane to 
be mixed with propane with possibility of eliminating its flamibility 
entirely. The two component adsorption neccesitates a development in 
the thermodynamic framework and a possibility of enhanced cooling to 
the system. It also gives an entirely new class of mixed adsorbate in 
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Appendix A: Isotherms and Isosteric Heats of Adsorption, Assorted Refrigerants 
 
Figure A.1 Experimental isotherm data for TOP: Maxsorb III- R134a at ◊-278.15 
K, ♦-288.15 K, □-293.15 K, ■-298.15 K , ∆-308.15K, ▲-318.15 K, ○-328.15 K, 
●-338.15 K, x- 348.15 K, +-358.15 K and BOTTOM: Maxsorb III- R410a at ◊- 
278.15 K, ♦- 288.15 K, □- 298.15 K, ■- 308.15 K, ▲- 318.15 K, ●- 328.15 K, 






Figure A.2 Experimental isotherm data for Maxsorb III- R507a at ◊- 278.15 K, ♦- 
288.15 K, ■- 298.15 K, ▲- 308.15 K, ●- 318.15 K and, with error bars of 5 %, 
and solid lines refer to DA equation1 
 






Figure A.4 Isosteric heat of adsorption for TOP: Maxsorb III-R410a BOTTOM: 
Maxsorb III-R507a.1 
Reference 
1. Loh, W. S.; Ismail, A. B.; Xi, B.; Ng, K. C.; Chun, W. G., Adsorption 
Isotherms and Isosteric Enthalpy of Adsorption for Assorted Refrigerants 

























Figure B.2 Forces considered and affecting forces. (A) Resultant signal captured 
by weighing balance unit (B) buoyancy force which changes throughout 
adsorption due to the increasing volume (C) weight of adsorbed phase (D) weight 














Figure B.3 Measuring principle of the Magnetic Suspension Balance. (Left) 
Measuring Point measurement where the cell and adsorbent sample is coupled to 
the measuring balance. (Right) Zero-point measurement where the cell and 
adsorbent is uncoupled from the balance due to the contactless magnetic 
suspension balance coupling1 
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Figure C.1 Wiring Diagram for the electronic pressure controller. PC is utilized 














Figure C.2 The Pressure Regulator setup. Mode of operation is by a 24 Volt DC 
power supply and 4-20 mA transducer 1  
 
Reference 






Appendix D: Refrigerant Mass Required in Adsorption and Desorption Beds  
This section elucidates the sample calculation regarding the amount of refrigerant 
charge required for the AD Chiller. 
C1. Amount of refrigerant required in adsorption and desorption beds. 
From the isotherm curves (Chapter 3), 
 
Figure D.1 Experimental and regressed isotherm data for Maxsorb III + Propane 
at ●-278.15 K, ○-298.15 K, ▲-308.15 K,  ∆-318.15 K,■- 328.15 K □- 338.15 K, 
♦- 348.15 K, ◊- 358.15 K with error bars of 5 %, and solid lines refer to DA 
equation  
 𝑞𝑜,30𝑜𝐶  ≈ 0.85 (D.1) 

























Since the adsorbent mass in each AD chamber is 162 g, the required masses of 
adsorbent in both .of these chambers are as follows: 
 𝑚𝑟𝑒𝑓𝑎𝑑  ≈ 0.85 × 162 = 137.7𝑔 (D.3) 
 𝑚𝑟𝑒𝑓𝑑𝑒  ≈ 0.55 × 162 = 89.1𝑔 (D.4) 
Taking a 5% in excess refrigerant which will flow into the evaporator and 
condenser, 
 𝑚𝑟𝑒𝑓
𝑡𝑜𝑡𝑎𝑙 (𝑎𝑑,𝑑𝑒)  ≈ (137.7 + 89.1) × 1.05 = 238.14𝑔 (D.5) 
 
C2. Amount of refrigerant required in evaporator 
Based on a 200𝑐𝑚3 saturated liquid volume, 180𝑐𝑚3 saturated vapour volume, 
and a saturation liquid and vapor density (approximated over the saturation 
temperatures of (0oC and 25oC) of 0.0005𝑘𝑔 𝑐𝑚−3and 0.00002𝑘𝑔 𝑐𝑚−3, 
 𝑚𝑟𝑒𝑓







C3. Amount of refrigerant required in condenser 
Since the dimensions of the condenser is 25.4𝑚𝑚 (width) by 185.0𝑚𝑚 (length) 
by 25.4𝑚𝑚 (height), 
 𝑚𝑟𝑒𝑓𝑐𝑜𝑛𝑑  = 25.4𝑚𝑚 × 185.0𝑚𝑚 × 25.4𝑚𝑚 × (0.1)3× 0.0005𝑘𝑔 𝑐𝑚−3 = 59.6773 (D.7) 
 
C4. Total Amount of refrigerant to be charged 
 𝑚𝑟𝑒𝑓𝑡𝑜𝑡𝑎𝑙  = 238.14𝑔 + 103.6𝑔 + 59.6773𝑔= 401.4173𝑔 (D.8) 
This value is much lower compared to the mass of refrigerant required for a 
chiller operated using HFC 134a which exceeds 1kg. 
 
 




Appendix E: Sample Time-Dependent Kinetics Data  



















0 0.026 282.3 118.2 0.513673 282.87 236.4 0.59388 282.6 
3.6 0.228 282.35 121.8 0.516567 282.86 239.4 0.59563 282.59 
7.2 0.303 282.74 124.8 0.519711 282.84 243 0.597537 282.59 
10.2 0.330 283.36 128.4 0.523337 282.82 246.6 0.599255 282.6 
13.8 0.347 283.75 132 0.526161 282.81 250.2 0.600963 282.6 
17.4 0.361 283.92 135.6 0.528727 282.8 253.8 0.60249 282.59 
21 0.372 283.94 138.6 0.531941 282.79 256.8 0.603874 282.58 
24.6 0.382 283.92 142.2 0.534636 282.77 260.4 0.605269 282.57 
27.6 0.391 283.89 145.8 0.537107 282.77 264 0.606744 282.56 
31.2 0.398 283.84 149.4 0.540035 282.76 267.6 0.608155 282.57 
34.8 0.404 283.77 152.4 0.542173 282.74 270.6 0.609584 282.57 
38.4 0.412 283.7 156 0.545048 282.74 274.2 0.611132 282.57 
42 0.419 283.65 159.6 0.547636 282.72 277.8 0.612843 282.56 
45 0.424 283.6 163.2 0.550539 282.72 281.4 0.614252 282.56 
48.6 0.429 283.53 166.8 0.552572 282.71 284.4 0.615597 282.57 
52.2 0.435 283.48 169.8 0.55535 282.7 288 0.61697 282.58 
55.8 0.440 283.43 173.4 0.55739 282.69 291.6 0.618312 282.58 
58.8 0.446 283.39 177 0.559854 282.69 295.2 0.619623 282.56 
62.4 0.451 283.33 180.6 0.562211 282.67 298.8 0.620826 282.55 
66 0.455 283.29 184.2 0.564215 282.67 301.8 0.622053 282.55 
69.6 0.460 283.25 187.2 0.566377 282.65 305.4 0.623265 282.56 
73.2 0.464 283.2 190.8 0.568555 282.65 309 0.624468 282.57 
76.2 0.469 283.17 194.4 0.570769 282.65 312.6 0.625695 282.55 
79.8 0.473 283.14 198 0.573366 282.65 315.6 0.626856 282.54 
83.4 0.477 283.11 201.6 0.575506 282.65 319.2 0.627944 282.54 
87 0.481 283.09 204.6 0.577329 282.64 322.8 0.629112 282.54 
90.6 0.485 283.05 208.2 0.579194 282.64 326.4 0.630255 282.54 
93.6 0.489 283.02 211.8 0.581034 282.64 330 0.631353 282.54 
97.2 0.493 282.99 215.4 0.582976 282.63 333 0.632545 282.54 
100.8 0.496 282.97 219 0.584991 282.62 336.6 0.634033 282.55 
104.4 0.500 282.95 222 0.586863 282.61 340.2 0.635159 282.54 
107.4 0.503 282.94 225.6 0.588693 282.61 343.8 0.635926 282.53 
111 0.507 282.91 229.2 0.590513 282.61 346.8 0.636739 282.53 
114.6 0.510 282.89 232.8 0.592242 282.61 350.4 0.637662 282.53 
 






















354 0.638 282.53 482.4 0.668 282.49 610.8 0.686 282.47 
357.6 0.640 282.53 486 0.669 282.5 613.8 0.687 282.47 
360.6 0.641 282.52 489 0.669 282.51 617.4 0.687 282.46 
364.2 0.642 282.53 492.6 0.670 282.51 621 0.688 282.47 
367.8 0.643 282.53 496.2 0.670 282.5 624.6 0.688 282.47 
371.4 0.644 282.53 499.8 0.671 282.5 627.6 0.688 282.47 
375 0.644 282.53 502.8 0.672 282.5 631.2 0.688 282.46 
378 0.645 282.52 506.4 0.672 282.49 634.8 0.689 282.46 
381.6 0.646 282.52 510 0.673 282.49 638.4 0.689 282.46 
385.2 0.647 282.51 513.6 0.674 282.48 642 0.689 282.45 
388.8 0.648 282.51 517.2 0.674 282.49 645 0.690 282.45 
391.8 0.649 282.51 520.2 0.675 282.49 648.6 0.690 282.46 
395.4 0.650 282.52 523.8 0.675 282.49 652.2 0.691 282.47 
399 0.651 282.51 527.4 0.675 282.47 655.8 0.691 282.47 
402.6 0.652 282.52 531 0.676 282.47 659.4 0.692 282.47 
405.6 0.653 282.51 534.6 0.676 282.47 662.4 0.692 282.47 
409.2 0.653 282.51 537.6 0.677 282.48 666 0.692 282.47 
412.8 0.654 282.52 541.2 0.677 282.48 669.6 0.693 282.48 
416.4 0.655 282.53 544.8 0.678 282.49 673.2 0.693 282.48 
420 0.656 282.52 548.4 0.679 282.49 676.2 0.693 282.47 
423 0.657 282.52 551.4 0.679 282.49 679.8 0.694 282.47 
426.6 0.657 282.51 555 0.680 282.5 683.4 0.694 282.47 
430.2 0.658 282.51 558.6 0.680 282.5 687 0.694 282.46 
433.8 0.659 282.51 562.2 0.681 282.49 690.6 0.694 282.46 
437.4 0.660 282.5 565.8 0.681 282.48 693.6 0.695 282.46 
440.4 0.660 282.51 568.8 0.681 282.48 697.2 0.695 282.46 
444 0.661 282.51 572.4 0.682 282.48 700.8 0.695 282.45 
447.6 0.662 282.5 576 0.682 282.48 704.4 0.695 282.45 
450.6 0.662 282.49 579.6 0.683 282.46 707.4 0.696 282.46 
454.2 0.663 282.5 582.6 0.683 282.46 711 0.696 282.45 
457.8 0.664 282.51 586.2 0.683 282.46 714.6 0.696 282.44 
461.4 0.664 282.51 589.8 0.684 282.47 718.2 0.697 282.45 
465 0.665 282.51 593.4 0.684 282.46 721.8 0.697 282.45 
468 0.666 282.5 597 0.685 282.46 724.8 0.697 282.45 
471.6 0.666 282.5 600 0.685 282.46 728.4 0.697 282.46 
475.2 0.667 282.5 603.6 0.685 282.45 732 0.698 282.46 
478.8 0.667 282.49 607.2 0.686 282.45 735.6 0.698 282.45 
























738.6 0.698 282.45 867.6 0.706 282.44 996 0.712 282.43 
742.2 0.698 282.45 870.6 0.707 282.45 999 0.712 282.43 
745.8 0.699 282.45 874.2 0.707 282.45 1002.6 0.712 282.44 
749.4 0.699 282.45 877.8 0.707 282.45 1006.2 0.712 282.44 
753 0.699 282.46 881.4 0.707 282.45 1009.8 0.712 282.44 
756 0.700 282.47 884.4 0.707 282.45 1012.8 0.713 282.44 
759.6 0.700 282.47 888 0.707 282.45 1016.4 0.713 282.44 
763.2 0.700 282.46 891.6 0.708 282.44 1020 0.713 282.44 
766.8 0.700 282.45 895.2 0.708 282.44 1023.6 0.713 282.42 
770.4 0.700 282.44 898.8 0.708 282.44 1026.6 0.713 282.42 
773.4 0.700 282.44 901.8 0.708 282.45 1030.2 0.713 282.43 
777 0.700 282.44 905.4 0.708 282.45 1033.8 0.713 282.43 
780.6 0.701 282.44 909 0.708 282.44 1037.4 0.713 282.42 
784.2 0.701 282.45 912.6 0.708 282.44 1044 0.713 282.42 
787.2 0.702 282.46 915.6 0.709 282.44 1047.6 0.713 282.42 
790.8 0.702 282.46 919.2 0.709 282.42 1051.2 0.713 282.42 
794.4 0.702 282.45 922.8 0.709 282.43 1054.8 0.714 282.43 
798 0.702 282.45 926.4 0.709 282.44 1057.8 0.714 282.42 
801.6 0.703 282.46 930 0.709 282.44 1061.4 0.714 282.43 
804.6 0.703 282.45 933.6 0.709 282.44 1065 0.714 282.42 
808.2 0.703 282.44 936.6 0.709 282.44 1068.6 0.714 282.42 
811.8 0.703 282.45 940.2 0.710 282.42 1071.6 0.714 282.42 
815.4 0.704 282.45 943.8 0.710 282.43 1075.2 0.715 282.43 
818.4 0.704 282.45 947.4 0.710 282.43 1078.8 0.715 282.44 
822 0.704 282.44 950.4 0.710 282.44 1082.4 0.715 282.42 
825.6 0.704 282.44 954 0.710 282.43 1086 0.714 282.42 
829.2 0.704 282.44 957.6 0.710 282.43 1089.6 0.714 282.41 
832.8 0.704 282.44 961.2 0.710 282.43 1092.6 0.715 282.42 
835.8 0.705 282.44 964.8 0.711 282.43 1096.2 0.715 282.42 
839.4 0.705 282.45 967.8 0.711 282.43 1099.8 0.715 282.42 
843 0.705 282.45 971.4 0.711 282.43 1103.4 0.715 282.43 
846.6 0.705 282.44 975 0.711 282.44 1106.4 0.715 282.44 
850.2 0.705 282.44 978.6 0.711 282.43 1110 0.715 282.42 
853.2 0.706 282.43 981.6 0.711 282.44 1113.6 0.716 282.43 
856.8 0.706 282.44 985.2 0.711 282.43 1117.2 0.716 282.43 
860.4 0.706 282.44 988.8 0.711 282.43 1120.8 0.716 282.42 

























0 0.026 282.3 118.2 0.513673 282.87 236.4 0.59388 282.6 
3.6 0.228 282.35 121.8 0.516567 282.86 239.4 0.59563 282.59 
7.2 0.303 282.74 124.8 0.519711 282.84 243 0.597537 282.59 
10.2 0.330 283.36 128.4 0.523337 282.82 246.6 0.599255 282.6 
13.8 0.347 283.75 132 0.526161 282.81 250.2 0.600963 282.6 
17.4 0.361 283.92 135.6 0.528727 282.8 253.8 0.60249 282.59 
21 0.372 283.94 138.6 0.531941 282.79 256.8 0.603874 282.58 
24.6 0.382 283.92 142.2 0.534636 282.77 260.4 0.605269 282.57 
27.6 0.391 283.89 145.8 0.537107 282.77 264 0.606744 282.56 
31.2 0.398 283.84 149.4 0.540035 282.76 267.6 0.608155 282.57 
34.8 0.404 283.77 152.4 0.542173 282.74 270.6 0.609584 282.57 
38.4 0.412 283.7 156 0.545048 282.74 274.2 0.611132 282.57 
42 0.419 283.65 159.6 0.547636 282.72 277.8 0.612843 282.56 
45 0.424 283.6 163.2 0.550539 282.72 281.4 0.614252 282.56 
48.6 0.429 283.53 166.8 0.552572 282.71 284.4 0.615597 282.57 
52.2 0.435 283.48 169.8 0.55535 282.7 288 0.61697 282.58 
55.8 0.440 283.43 173.4 0.55739 282.69 291.6 0.618312 282.58 
58.8 0.446 283.39 177 0.559854 282.69 295.2 0.619623 282.56 
62.4 0.451 283.33 180.6 0.562211 282.67 298.8 0.620826 282.55 
66 0.455 283.29 184.2 0.564215 282.67 301.8 0.622053 282.55 
69.6 0.460 283.25 187.2 0.566377 282.65 305.4 0.623265 282.56 
73.2 0.464 283.2 190.8 0.568555 282.65 309 0.624468 282.57 
76.2 0.469 283.17 194.4 0.570769 282.65 312.6 0.625695 282.55 
79.8 0.473 283.14 198 0.573366 282.65 315.6 0.626856 282.54 
83.4 0.477 283.11 201.6 0.575506 282.65 319.2 0.627944 282.54 
87 0.481 283.09 204.6 0.577329 282.64 322.8 0.629112 282.54 
90.6 0.485 283.05 208.2 0.579194 282.64 326.4 0.630255 282.54 
93.6 0.489 283.02 211.8 0.581034 282.64 330 0.631353 282.54 
97.2 0.493 282.99 215.4 0.582976 282.63 333 0.632545 282.54 
100.8 0.496 282.97 219 0.584991 282.62 336.6 0.634033 282.55 
104.4 0.500 282.95 222 0.586863 282.61 340.2 0.635159 282.54 
107.4 0.503 282.94 225.6 0.588693 282.61 343.8 0.635926 282.53 
111 0.507 282.91 229.2 0.590513 282.61 346.8 0.636739 282.53 
114.6 0.510 282.89 232.8 0.592242 282.61 350.4 0.637662 282.53 






















354 0.638 282.53 482.4 0.668 282.49 610.8 0.686 282.47 
357.6 0.640 282.53 486 0.669 282.5 613.8 0.687 282.47 
360.6 0.641 282.52 489 0.669 282.51 617.4 0.687 282.46 
364.2 0.642 282.53 492.6 0.670 282.51 621 0.688 282.47 
367.8 0.643 282.53 496.2 0.670 282.5 624.6 0.688 282.47 
371.4 0.644 282.53 499.8 0.671 282.5 627.6 0.688 282.47 
375 0.644 282.53 502.8 0.672 282.5 631.2 0.688 282.46 
378 0.645 282.52 506.4 0.672 282.49 634.8 0.689 282.46 
381.6 0.646 282.52 510 0.673 282.49 638.4 0.689 282.46 
385.2 0.647 282.51 513.6 0.674 282.48 642 0.689 282.45 
388.8 0.648 282.51 517.2 0.674 282.49 645 0.690 282.45 
391.8 0.649 282.51 520.2 0.675 282.49 648.6 0.690 282.46 
395.4 0.650 282.52 523.8 0.675 282.49 652.2 0.691 282.47 
399 0.651 282.51 527.4 0.675 282.47 655.8 0.691 282.47 
402.6 0.652 282.52 531 0.676 282.47 659.4 0.692 282.47 
405.6 0.653 282.51 534.6 0.676 282.47 662.4 0.692 282.47 
409.2 0.653 282.51 537.6 0.677 282.48 666 0.692 282.47 
412.8 0.654 282.52 541.2 0.677 282.48 669.6 0.693 282.48 
416.4 0.655 282.53 544.8 0.678 282.49 673.2 0.693 282.48 
420 0.656 282.52 548.4 0.679 282.49 676.2 0.693 282.47 
423 0.657 282.52 551.4 0.679 282.49 679.8 0.694 282.47 
426.6 0.657 282.51 555 0.680 282.5 683.4 0.694 282.47 
430.2 0.658 282.51 558.6 0.680 282.5 687 0.694 282.46 
433.8 0.659 282.51 562.2 0.681 282.49 690.6 0.694 282.46 
437.4 0.660 282.5 565.8 0.681 282.48 693.6 0.695 282.46 
440.4 0.660 282.51 568.8 0.681 282.48 697.2 0.695 282.46 
444 0.661 282.51 572.4 0.682 282.48 700.8 0.695 282.45 
447.6 0.662 282.5 576 0.682 282.48 704.4 0.695 282.45 
450.6 0.662 282.49 579.6 0.683 282.46 707.4 0.696 282.46 
454.2 0.663 282.5 582.6 0.683 282.46 711 0.696 282.45 
457.8 0.664 282.51 586.2 0.683 282.46 714.6 0.696 282.44 
461.4 0.664 282.51 589.8 0.684 282.47 718.2 0.697 282.45 
465 0.665 282.51 593.4 0.684 282.46 721.8 0.697 282.45 
468 0.666 282.5 597 0.685 282.46 724.8 0.697 282.45 
471.6 0.666 282.5 600 0.685 282.46 728.4 0.697 282.46 
475.2 0.667 282.5 603.6 0.685 282.45 732 0.698 282.46 
478.8 0.667 282.49 607.2 0.686 282.45 735.6 0.698 282.45 























738.6 0.698 282.45 867.6 0.706 282.44 996 0.712 282.43 
742.2 0.698 282.45 870.6 0.707 282.45 999 0.712 282.43 
745.8 0.699 282.45 874.2 0.707 282.45 1002.6 0.712 282.44 
749.4 0.699 282.45 877.8 0.707 282.45 1006.2 0.712 282.44 
753 0.699 282.46 881.4 0.707 282.45 1009.8 0.712 282.44 
756 0.700 282.47 884.4 0.707 282.45 1012.8 0.713 282.44 
759.6 0.700 282.47 888 0.707 282.45 1016.4 0.713 282.44 
763.2 0.700 282.46 891.6 0.708 282.44 1020 0.713 282.44 
766.8 0.700 282.45 895.2 0.708 282.44 1023.6 0.713 282.42 
770.4 0.700 282.44 898.8 0.708 282.44 1026.6 0.713 282.42 
773.4 0.700 282.44 901.8 0.708 282.45 1030.2 0.713 282.43 
777 0.700 282.44 905.4 0.708 282.45 1033.8 0.713 282.43 
780.6 0.701 282.44 909 0.708 282.44 1037.4 0.713 282.42 
784.2 0.701 282.45 912.6 0.708 282.44 1044 0.713 282.42 
787.2 0.702 282.46 915.6 0.709 282.44 1047.6 0.713 282.42 
790.8 0.702 282.46 919.2 0.709 282.42 1051.2 0.713 282.42 
794.4 0.702 282.45 922.8 0.709 282.43 1054.8 0.714 282.43 
798 0.702 282.45 926.4 0.709 282.44 1057.8 0.714 282.42 
801.6 0.703 282.46 930 0.709 282.44 1061.4 0.714 282.43 
804.6 0.703 282.45 933.6 0.709 282.44 1065 0.714 282.42 
808.2 0.703 282.44 936.6 0.709 282.44 1068.6 0.714 282.42 
811.8 0.703 282.45 940.2 0.710 282.42 1071.6 0.714 282.42 
815.4 0.704 282.45 943.8 0.710 282.43 1075.2 0.715 282.43 
818.4 0.704 282.45 947.4 0.710 282.43 1078.8 0.715 282.44 
822 0.704 282.44 950.4 0.710 282.44 1082.4 0.715 282.42 
825.6 0.704 282.44 954 0.710 282.43 1086 0.714 282.42 
829.2 0.704 282.44 957.6 0.710 282.43 1089.6 0.714 282.41 
832.8 0.704 282.44 961.2 0.710 282.43 1092.6 0.715 282.42 
835.8 0.705 282.44 964.8 0.711 282.43 1096.2 0.715 282.42 
839.4 0.705 282.45 967.8 0.711 282.43 1099.8 0.715 282.42 
843 0.705 282.45 971.4 0.711 282.43 1103.4 0.715 282.43 
846.6 0.705 282.44 975 0.711 282.44 1106.4 0.715 282.44 
850.2 0.705 282.44 978.6 0.711 282.43 1110 0.715 282.42 
853.2 0.706 282.43 981.6 0.711 282.44 1113.6 0.716 282.43 
856.8 0.706 282.44 985.2 0.711 282.43 1117.2 0.716 282.43 
